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Abstract
Brittle materials, such as glass, are commonly used today in society in smaller
volumes and/or in the form of thin films. There is a need to better understand how these
materials fracture due to small-scale contact and impact. Nanoindentation studies with
different indenter geometries were performed on fused quartz, which is a common
reference brittle material and is used in applications such as consumer electronics and
semiconductors. Three sided pyramidal indenters with centerline-to-face angles of 35.3°
(cube corner), 45°, 55°, 65.3° (Berkovich), and 75° were utilized and maximum peak
loads (1, 3, 5, 10, 40, 100, and 500 mN) were reached during the nanoindentation
experiments to examine the cracking threshold loads and crack lengths. Surface
cracking observations were made using a high resolution scanning electron microscope.
The scanning electron microscope is equipped with a focused ion beam that was used
to mill through the indentations and expose the cracking features below the indentation
impression. The crack formation and evolution of the subsurface cracking are presented
and compared to other observations made by other researchers. Finite element analysis
was used as a tool to establish which stresses play a role in some of the cracking and
deformation features of the indentations. Though the fracture toughness was not
calculated in this work, the constants from two equations that relate the indentation
crack lengths to the fracture toughness were evaluated and compared to other
documented constants. This work provides insight into how various cracks initiate and
propagate during small-scale contact.
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Chapter 1
Introduction and Background
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Motivation
In a wide range of applications and industries, ceramic and glass materials are
now being used in smaller volumes or in the form of thin films. There is a desire to have
thinner glass surfaces to cover consumer electronics, durable ceramic coatings for
biomedical applications, and lighter yet stronger windshields for military vehicles. In
most applications in which brittle materials are being used, they undergo constant wear
and erosion every day during the life of the device or coating. In some cases, the
processing of ceramic and glass materials for such applications may introduce the same
kind of impact to the surfaces, thus introducing flaws before the material is actually
used. Because of the growing use of brittle materials for protective applications and
every day devices, there is a need to fully understand how brittle materials fracture
during small-scale contact and impact.

Fused Quartz and Soda-Lime-Silicate Glass
Before the 2000s, most indentation fracture studies were performed at high loads
(1 N and above) using Vickers and spherical indenters [1, 2]. Glass has been an ideal
material to study because of its transparent nature. Hagan and Swain successfully
indented along a pre-crack and broke the pieces along this pre-crack to image the
resulting fracture surfaces below the indentation impression [1]. Cook and Pharr built a
nanoindentation system over an inverted microscope to capture and document when
cracking occurred during the entire loading and unloading cycle of the indentation
process [2]. Two amorphous glasses that have been used in previous studies are fused
silica (or also termed fused quartz) and soda-lime-silicate glass. Fused silica and fused
quartz have been used interchangeably, however, the way they are processed may
influence their final composition. For example, GE 124 fused quartz is still made up of
SiO2 like fused silica, but it has a lower OH content compared to fused silica [3].
Fused quartz and soda-lime-silicate glasses are two common brittle materials
that are being used for some of the applications mentioned in the "Motivation" subsection. Both glasses are different in composition and structure. Fused quartz is a
network of SiO2 with trace elements. Soda-lime-silicate glass is also a network of SiO2,
except there is a higher abundance of additives when compared to fused silica or fused
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quartz [4]. In regards to their structures, fused silica has a less open SiO2 network than
soda-lime-silicate [4].
What researchers have found in the past is that both of these glasses crack
differently during an indentation experiment. Fused quartz is termed an anomalous
glass because it densifies during indentation and this densified region results in high
tensile stresses that initiate cracks [5]. This densified region is the result of the material
becoming compacted. Bridgman performed unixial compression tests on silicate
glasses and observed that there is a pressure in which the glasses become compacted
[6]. Cohesive zone finite element analysis performed by Bruns et al. demonstrates that
this densification does play a role in the resulting crack lengths after indentation
experiments [7]. On the other hand, soda-lime-silicate is a normal glass where shear
dominates the crack formation below the indentation impression [5]. Arora et al. found
the deformation zones below the indentation impressions of fused silica and soda-limesilicate to be different: soda-lime-silicate has shear lines in the area of the deformation
zone, but fused silica does not [5].
Though both fused quartz and soda-lime-silicate glasses have been used in past
indentation fracture experiments, fused quartz was chosen to be characterized in this
study as opposed to soda-lime-silicate glass. As previously mentioned, there is a need
to understand how brittle materials crack on the small-scales. To achieve the goal of
providing a foundation of understanding, only one glass material needs to be selected.
Fused quartz is already used as a reference material in nanoindentation experiments
and is readily available.

Fracture Studies Using Nanoindentation
Extensive studies on the fracture of brittle materials have been performed, but it
was not until the past thirty years that nanoindentation has been used as a tool to
investigate the fracture of materials. Nanoindentation is a well developed technique in
which a small volume of material can be fractured and the resulting damage can be
analyzed using a microscope. Three sided pyramidal and conical indenters are typically
used in nanoindentation experiments. Vickers indenters are not usually used in
nanoindentation experiments because a chiseled edge would remain after trying to
fabricate a four sided pyramidal indenter for the smaller scales. Two three sided
3

pyramidal indenters that are typically used and available for users are the cube corner
and Berkovich indenters. The cube corner is a three sided pyramidal indenter with a
centerline-to-face angle of 35.3°. The Berkovich indenter is the three sided pyramidal
indenter that is equivalent to the Vickers four sided pyramidal indenter. This means that
the Berkovich and Vickers indenters have the same contact area to depth ratio. The
centerline-to-face angle of the Berkovich indenter is 65.3°. In this work, nanoindentation
with various three sided pyramidal indenters was used to introduce contact damage on
the surface of glass. The influence of indenter angle on cracking behavior of glass will
be introduced in this chapter.
Types of Cracks Resulting from Indentations
The surface cracks that are observed in indentation experiments are termed
radial cracks. These cracks typically propagate off of the corners of the indentations.
Cracks that form below the impressions may be lateral, median, half-penny or cone
cracks. Figure 1.1 shows how these cracks appear on the surface and below the
indentation impressions. This figure was developed and presented by Cook and Pharr
[2].
Indentation Cracking Theories
Observations of how surface and subsurface cracks nucleate in brittle materials
have been previously presented by other researchers. Crack nucleation theories have
been developed based on the observations of cracking in ceramics and glasses during
and after Vickers indentation experiments. Lawn and Evans presented how a flaw below
the indentation needs to be a certain size in order to initiate a median crack [8]. The
load at which a median crack nucleates depends on the size and location of the flaw
below the surface [8]. Hagan, on the other hand, theorized that dislocation slip lines
intersect one another below indentation impressions and it is at this intersection where a
crack initiates [9, 10]. Dal Maschio et al. supported the theory that radial cracks initiate
from the shear faults in the indentation impressions [11]. Swain studied and compared
the indentation responses of fused silica and soda-lime glass. Not only did Swain
present the different deformation zones below the indentations for the two glasses,
Swain also concluded that the shear mechanism in the glasses was impeded by the
4

Figure 1.1: Different crack systems that form due to sharp, pyramidal indentations on the surface and
below the indentation impressions [2]. This figure was first developed and presented by Cook and Pharr
[2].
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amorphous, atomic structure [12]. With that conclusion drawn, Swain does not support
the use of using the Lawn and Evans model to describe cracking in fused silica and
soda-lime glasses [12]. Chiang et al. found in indentation studies performed at various
loads that the load at which cracks did form is higher than the estimated cracking
threshold load [13]. This supported Chiang et al.'s conclusion that the number of flaws
surrounding the indentation impressions will influence the load at which cracking is
observed on the surface of materials [13]. Using a Berkovich indenter, Zhuang et al.
concluded that the radial cracks in Al-Cr-N indentations formed off of the cracks along
the edge of the indentation impressions [14]. Zhuang et al.'s work demonstrates that
different crack systems may be dependent on each other throughout the indentation
cycle.
Up to this point, the crack nucleation theories have been based upon median and
radial cracks. Tandon et al. performed a crack nucleation study on cone cracks in
various transparent glasses using sharp, Vickers indenters. Cone cracks were observed
to form inside the deformation zone directly below the impression [15]. This means
shear stresses are not contributing to the initiation and propagation of cone cracks [15].
In most recent years, finite elements and molecular dynamics have been used to
understand crack nucleation. Luo et al. developed a molecular dynamic simulation that
performed wedge indentations on oxide glass materials. One of the conclusions that
was drawn from the simulation was that plasticity plays a role in fracture of glasses [16].
A second conclusion was cracks nucleate at the tip of the wedge indenter [16]. This
second conclusion contradicts what others have observed experimentally. In the
experimental studies that will be discussed in more detail later, the cracks were
observed to nucleate near or at a point along the deformation zone below the
indentation impression [17-19]. A third conclusion drawn was that cracks formed only
under the sharper wedge indentations [16].
Along with the physical crack nucleation theories, researchers had attempted to
develop equations and relationships to estimate the cracking threshold load. The first
model to estimate the cracking threshold load was developed by Lawn and Evans. The
equation was developed with the assumptions that the tensile stresses below an
indentation play a role in the nucleation of median cracks and a critical flaw size is
6

needed to be met in order for the crack to form [8]. Hagan modified the model
developed by Lawn and Evans to incorporate the shear stresses from dislocation lines
[9]. Both models result in different threshold loads, Pth, as shown in Table 1.1. The
hardness, HV, in Table 1.1 is the Vickers hardness.

Table 1.1: Cracking threshold load equations developed based on two different cracking theories. The
hardness, HV, is the Vickers hardness.

Source of Cracking Threshold Load
Equation

Cracking Threshold Load Equation
ܭூ ଷ
ܲ௧ ൌ ʹǤʹ ൈ ͳͲ ൬ ൰ ܭூ
ܪ
ܭூ ଷ
ܲ௧ ൌ ͺͺͷ ൬ ൰ ܭூ
ܪ
ସ

Lawn and Evans [8]
Hagan [9]

Indenter Angle Effects on Cracking Threshold Load
For a long time, Vickers and spherical indenters were ideal to observe and
estimate fracture toughness because they were used at larger loads to make large
indentations. What Harding found in his studies was that if you change the indenter
angle and geometry, you can achieve lower cracking threshold loads [20]. For fused
quartz, he observed that the cracking threshold load was 1,000 - 1,500 mN with a
Vickers indenter, 500 mN with a Berkovich indenter, and 0.5 - 1.5 mN with a cube
corner indenter [20]. The data shows that by changing the indenter geometry, one can
probe a smaller volume of material and study the fracture on the smaller length scales.
Morris and Cook used four three sided pyramidal indenters to study the effects of
changing the indenter angle on cracking of glasses. The centerline-to-face angles of the
three sided pyramidal indenters were 35.3°, 42°, 52°, and 65.3°. The studies showed
that there is no need to use a cube corner indenter to achieve a low cracking threshold
load [21]. Depending on the material being studied, a 42° or 52° indenter would suffice.
As demonstrated by Harding and Morris and Cook, the cracking threshold loads
change with the indenter geometry. Jang and Pharr performed a similar study as Morris
and Cook. They performed nanoindentation experiments on silicon and germanium
using three sided pyramidal indenters with varying centerline-to-face angles (35.3°, 45°,
7

55°, 65.3°, 75°, and 85°). They found as the indenter angle increased, the radial cracks
disappeared from the indentation impressions [22]. With this in mind, Jang and Pharr
found the relationship of cracking threshold load with indenter angle. They suggested
that the cracking threshold load scales with indenter angle as:
଼

ܲ௧   ןሺ Ȳሻ ଷ
where Pth is the cracking threshold load and ȥ is the equivalent cone angle of the three
sided pyramidal indenter [22]. The experimental results found by the silicon and
germanium nanoindentation experiments support this relationship.
Some researchers still use the Vickers indenters to study the fracture behavior of
materials because of the larger indentation impressions and imaging using optical
microscopes. Gross examined how changing the angle of four sided pyramidal
indenters influences the cracking threshold loads and features in different glasses. It
was again concluded that as the indenter angle increases, the degree of radial cracking
decreases [23]. By looking at different glasses with various compositions, Gross also
concluded that glass structures will influence the cracking that occurs during contact
[23]. The modifiers in glasses give rise to different structures. The amount of modifiers
will influence how the material densifies under indentation which has been shown to
lead to different cracking threshold loads [23, 24]. Yoshida et al. found the relationship
of indenter angle on densification: as the indenter approaches 90°, the amount of
densification underneath the indentation increases [24].
Yoshida et al. has also observed and discussed an interesting crack that others
have observed, but never provided an explanation in detail. Cracks have appeared to
open along the edge of indentation impressions. Yoshida et al. has termed these cracks
to be edge cracks [25]. During experimental observation, Yoshida et al. found that the
edge crack initiation is influenced by indenter angle. With a Berkovich indenter, the
edge cracks formed on loading [25]. However, at higher indenter angles (indenter angle
approaches 90°) the edge cracks formed during unloading [25].
Fracture Toughness Calculations Using Nanoindentation
Nanoindentation is a tool to obtain mechanical properties of materials on the
small-scale. It is an efficient way to determine the hardness and modulus of materials.
8

Fracture toughness of materials can also be determined through the nanoindentation
technique. However, images of the indentation impressions and crack lengths are
needed to calculate the fracture toughness. The fracture toughness equations that are
used in nanoindentation will be described here, and Table 1.2 summarizes all of the
equations and corresponding constants. The constants that are in the Table 1.2 are
defined below:
KC: fracture toughness as evaluated by indentation cracking method
Į, Ȥ: fracture toughness equation constants
E: elastic modulus
H: hardness
P: indentation load
c: crack length measured from center of impression to tip of radial crack
l: crack length measured from corner of impression to tip of radial crack
a: indentation size
Ȟ: Poisson's ratio
ȥ: equivalent cone angle
The Lawn, Evans, and Marshall (LEM) equation for fracture toughness is highly
used and is being studied by various researchers to actually know if it is a good model

Table 1.2: Defined constants found in the LEM (used by Pharr and Cuadrado et al.), Laugier (used by
Cuadrado et al.) and Jang and Pharr fracture toughness equations.

Source of Constant

Constant
Subscript Defines Indenter
Angle

Fracture Toughness
Equation
భ

ா మ 
య
ு
మ

Pharr [26]

Jang and Pharr [22]

ܭ ൌ ߙ ቀ ቁ

ܭ ൌ

Ǥଷହଶ
ଵିఔ

మ

Į35.3° = 0.040

[27]

ா

ሺ  ߰ሻయ ቀ ቁ
ு

భ
మ


య

మ

[22]

భ

ܭ ൌ
Cuadrado et al. [28]

ா మ 
ߙ ቀ ቁ య [27]
ு
మ
భ
మ
ି

ா


ܭ ൌ ߯ ቀ ቁ

మ



ቀ ቁ
ு
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య

య
మ

[29]

Using Ȟ = 0.18:
Į35.3° = 0.0457
Į45° = 0.0363
Į55° = 0.0286
Į65.3° = 0.0216
Į65.3° = 0.026 ± 0.001
Ȥ35.3° = 0.057 ± 0.002
Ȥ65.3° = 0.022 ± 0.001

to use for various brittle materials. The LEM model is based on the assumption that the
radial cracks are due to half-penny crack systems developed by median cracks [27].
Laugier noticed that another radial crack type may be present in some ceramics called
the Palmqvist crack [29]. With this in mind, Laugier found the equation for fracture
toughness that should be used for ceramics in which radial cracks are shallow, surface
cracks like the Palmqvist cracks [29].
Both LEM and Laugier models incorporate the material properties (elastic
modulus and hardness), measured crack lengths, and maximum peak load during the
indentation experiment. The constants in the equations (Į and Ȥ) are dependent on the
indenter geometry. Pharr found Į in the LEM model by fitting cube corner
nanoindentation data of numerous ceramics [26]. In another work, Cuadrado et al. cross
sectioned cube corner indentations in different ceramics to determine which fracture
toughness equation to use based on the type of surface cracks that formed [28]. If there
were half-penny cracks, Cuadrado et al. used LEM equation. If the radial cracks below
the impression were shallow, Laugier's equation was used. Like Pharr, Cuadrado et al.
fit data from the equations to determine the constants Į and Ȥ.
Jang and Pharr used a similar approach by LEM and used Hill's expanding cavity
model to obtain the indenter angle dependence of Į in the fracture toughness equation
[22]. Three sided pyramidal indenters were of most interest to Jang and Pharr because
they were using the nanoindentation method. The final equation for fracture toughness
developed by Jang and Pharr is similar to LEM except the constant Į can be calculated
using the indenter angle and Poisson's ratio.
Other researchers have attempted to find an equation for fracture toughness
using finite element analysis. Hyun et al. used finite elements to first determine how the
material properties influence the fracture properties of materials [30]. A regression
formula for calculating fracture toughness using four sided and three sided pyramidal
indenters was found and presented [30]. This regression formula developed and
proposed by Hyun et al. is very complicated. There are numerous coefficients that are
needed to solve for the fracture toughness. This is not an ideal formula for someone to
use in calculating the fracture toughness using nanoindentation. Ma et al. performed a
Berkovich finite element simulation on a ceramic material and developed an equation to
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calculate fracture toughness using a Berkovich indenter [31]. There were a lot of
assumptions made in developing this equation. Two of the assumptions made were that
the indentation size and hardness value are calculated using the ideal area function of a
Berkovich tip [31]. These assumptions should not be made because no Berkovich
indenter tip is perfect. A tip calibration would be needed to get a more accurate area
function. Another assumption made was that the modulus can be accurately determined
from the load-displacement curve [31]. The ratio of the elastic work to total work may
not be accurately obtained from the load-displacement curve. In addition to these poorly
supported assumptions, the final fracture toughness equation is complicated and not
easy for a user to input test measurements and variables to estimate fracture toughness
using nanoindentation.

Deformation Zone or Plastic Zone
The deformation or plastic zone of indentation impressions of glasses have been
observed optically [1, 5, 9, 10, 23]. How the deformation zone appears is dependent on
the material. Soda-lime-silicate glass clearly has shear faults in the deformation zone
whereas fused silica does not have any visible cracks inside the deformation zone [5,
10]. These differences arise because of the network of SiO2 tetrahedra. Through the
use of multiple cross sectional views inside an indentation impression, Cuadrado et al.
successfully mapped out a 3D representation of the deformation zone and crack profiles
underneath cube corner indentations [17]. Cuadrado et al. observed the size of the
deformation zone to decrease as the load of the indentations increased [17].
Finite element analysis is a tool that researchers have used to better understand
the shape and size of deformation zones. Mata et al. performed finite element
simulations of Berkovich indentations on materials and found the plastic zone to extend
well beyond the indentation corners [32]. The materials studied had elastic modulus
over yield strength ratios of 1.4 and 0.2 (glass has a ratio of about 8). Johanns et al.
demonstrated how cracks emanate from the edge of the plastic zone after a maximum
tensile stress has been reached [18].
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Observations of Cracking in Brittle Materials
The types of crack systems, cracking theories, and cracking threshold load
estimations have been discussed previously. This sub-section will focus on providing a
more in depth discussion on the most recent conclusions drawn about cracking below
indentations in brittle materials. The sub-sections are organized in a way that points out
the different tools used to capture the cracking of brittle materials.
Optical Microscopy
Viewing indentation impressions during and after indentation tests have primarily
been performed using optical microscopes. Vickers and spherical indentations are
typically large and are able to be imaged using optical microscopes because of their
sizes. The following studies discussed are those that have utilized optical microscopes
to characterize the cracking behavior of brittle materials. There are many researchers
and other works that could be presented, but these studies are provided because the
observations made in this study will be compared to the ones discussed here.
Whittle and Hand analyzed the subsurface cracking patterns of Vickers
indentations on soda-lime-silicate glasses. They made indentations on the surface and
broke the glass using a four point bending method to cross section through the
indentation for viewing [33]. They found that the median/radial cracks were semielliptical in shape and influenced the lateral crack pattern [33]. Lateral cracks were
closer to the surface of the material below the radial cracks; and as the lateral cracks
propagated away from the radials, they went deeper into the material [33]. This shows
that the lateral crack pattern below the indentation impressions depends on the
median/radial cracks. Also, Whittle and Hand pointed out that lateral cracks do not lead
to chipping in indentations because they propagate deeper into the material and do not
appear to come back up to the surface away from the indentation impression [33].
Yoshida et al. performed three sided pyramidal indentations on the surface of
soda-lime-silicate glass on an inverted, interference microscope [25]. This allowed the
researchers to find the actual cracking threshold load during the entire indentation cycle
and the interference microscope allowed for a better analysis of the shape of the
impression. As mentioned previously, Yoshida et al. concluded from the observations
that edge crack formation is dependent on indenter angle [25].
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Gross studied the indenter angle effects on the cracking behavior of various
glasses using various four sided pyramidal indenters with different angles and an optical
microscope. One conclusion drawn from his studies was mentioned before and
supported by other works: the sharper indenters induce more fracture in glass at lower
loads [23]. From his studies, Gross pointed out that in some cases indentations
performed under the same conditions cracked differently. As an example, Gross
presented two indentations made on alumino-borosilicate glass with the same indenter
and load. One of the indentations had no cracks and the other had cracks [23]. Gross'
explanation is that the surface condition of the material and the number of flaws around
the indentation site will play a role in how the indentations crack [23]. This observation
was also made by Chiang et al. which was introduced earlier in this chapter.
Electron Microscopy and Focused Ion Beam Cross Sectioning
Scanning electron microscopy is a technique that allows one to capture the
cracking features of indentations that are 0.5 μm to 10 μm in size. The newest tool that
is being used to cross section small indentations is the focused ion beam. Ions from the
focused ion beam source (gallium ion source is one example) bombard the surface of a
material and the material is removed from the surface exposing the subsurface. Dual
beams with scanning electron and focused ion beam capabilities are best to use for
imaging and milling.
Though edge cracks have been observed by some using optical microscopes,
the edge cracking features are better to image using scanning electron microscopy due
to the better resolution on the smaller scales. Xie et al. observed the Vickers indentation
impressions on Į-sialon inside a scanning electron microscope with a focused ion
beam. In their studies, the edge cracks formed at lower loads before radial cracks
formed at higher loads [34]. The radial cracks were shallow, Palmqvist cracks as
opposed to the half-penny cracks resulting from median cracks [34].
Elfallagh and Inkson removed material surrounding Vickers indentations on sodalime-silicate glass. The resulting images of the cross sections through the indentation
impressions revealed that median cracks at the center of the indentations are no longer
emanating from the surface of the material [19]. Also, at higher loads multiple cracks
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may be present and connected by a median crack [19]. These types of observations
could not be properly documented by just looking at the surface cracking results.
Focused ion beam milling allows a user to mill cross sections that are
nanometers apart and observe how a crack appears below the entire indentation
impression. In studies performed by Cuadrado et al., 3D constructions of the subsurface
cracking below indentations were obtained using focused ion beam tomography [17].
This means the images from various cross sections throughout the indentation are
stacked together in a software to provide a 3D view of the crack pattern.
There are some issues that may arise from milling indentations with a focused
ion beam mill. Because the focused ion beam source is literally a foreign ion hitting the
surface of the material being analyzed, caution needs to be taken and ensure there are
no effects on the cracking due to the foreign ions. In some instances, the focused ion
beam milling may introduce a feature in the cross section of interest called "curtaining"
[35]. A "curtain" may form in the resulting cross section below a feature that is not
smooth along the main surface being milled [35]. In other words, an obstruction (crack
or hole) on the surface being milled would cause the ions to continue removing material
below the obstruction. These "curtain" features may look like an extension of a crack or
hole [35]. It is important to analyze the cross sections of indentations and determine
whether or not the feature is a crack or a result of "curtaining". It is also important to be
sure the cracks from indentations are not affected by the removal of material
surrounding the indentations. Residual stresses may be introduced and cause cracks to
propagate.
Finite Element Analysis
Experimental observations of cracking in brittle materials has primarily been the
focus in many experiments. However, finite element analysis can be used in conjunction
with experimental findings or can be used on its own to characterize crack initiation and
propagation. As it was introduced earlier, researchers have utilized finite element
simulations to formulate fracture toughness relationships [30, 31]. Hyun et al. utilized
cohesive zone finite elements to map out the crack shape below three sided pyramidal
indentations [36]. They found that there is not a crack that forms below the face of the
three sided pyramidal indentations, but along the sharp, edge plane of the impression
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[36]. An issue with using cohesive zone finite elements is that the user needs to specify
the location of the indentation impression where cracks will propagate. Bruns et al.
performed finite element simulations to analyze the effect of densification and indenter
geometry on resulting cracking behaviors [7]. One of the conclusions drawn from Bruns
et al.'s work was that densification plays a stronger role in the increase of crack lengths
when the indenter becomes sharper [7]. Based on the findings, Bruns et al. discussed
how the LEM fracture toughness equation does not account for densification and will not
be an accurate model to estimate fracture toughness of materials that densify [7].
Molecular Dynamics
Besides finite element analysis, molecular dynamics can be used to simulate an
indentation experiment and obtain information on the crack initiation and propagation.
Luo et al. had compared wedge indenters with different angles and different tip radii on
the crack initiation on glass using molecular dynamics [16]. Conclusions of this work
were presented before. Yang et al. used molecular dynamic simulations to better
understand the crack initiation and propagation in metallic glass materials [37]. Yang et
al. explained the need to study the cracking process of metallic glass materials using
molecular dynamics. The authors mentioned the difficulty in capturing the cracks below
the surface of the indentations in metallic glasses using optical methods that are used
for transparent glasses [37]. With that said, molecular dynamics has been proposed as
a useful tool to characterize the initiation and propagation of cracks in materials that
cannot be studied using traditional microscopy methods. However, caution needs to be
taken whenever utilizing a simulation or theory to explain a phenomenon without any
experimental observations.

Outstanding Questions and Experimental Approach
Though nanoindentation has been used to characterize the cracking behavior of
glasses, there is still a need to explore when and how brittle materials crack on the
small-scale. It has been demonstrated by Harding and Morris and Cook that the
indenter angle geometry can change the cracking threshold load. But how does this
cracking threshold load change with indenter geometry at loads less than 50 mN (as
studied by Morris and Cook)?
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nanoindentation. There are, however, two equations that are being used: one
developed by Lawn, Evans and Marshall (LEM) and the other developed by Laugier.
The LEM model is to be used for indentations with well developed half-penny cracks
and the Laugier model is to be used for indentations with Palmqvist cracks. In addition
to these models, Jang and Pharr have solved for the indenter angle dependence of the
constant in the LEM model. A question that arises from these previous works is which
model should be used to estimate the fracture toughness in nanoindentation
experiments? Can the fracture toughness be calculated using indenters of different
angle?
Nanoindentation impressions are very small and are typically in the size range of
0.5 μm to 10 μm (including the length of the cracks). These indentations are too small to
be pre-cracked and cross sectioned using the bending method. A focused ion beam mill
has been used by others to expose the subsurface cracking below indentation
impressions resulting from nanoindentation experiments. Experimental works (like those
performed by Cuadrado et al.) and cracking studies using simulation (like those
performed by Luo et al.) have resulted in different conclusions as to how cracks form
during indentation. There is a need to better understand how cracks form and evolve
below indentation impressions at smaller loads (below 500 mN).
In this work, crack initiation and evolution of fused quartz are studied using
nanoindentation, focused ion beam mill, and finite elements. Fused quartz is the chosen
material because it is the common reference brittle material. By changing the indenter
geometry, the cracking threshold load can be captured on the small-scales. The fracture
toughness equations that have been proposed will be compared and a conclusion will
be drawn about which models work best for the fused quartz material. By using a new
tool, the focused ion beam mill, the subsurface cracking profiles of fused quartz can be
explored at small-scales for the first time.
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Chapter 2
Experimental Details
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Overview
The cracking behavior of brittle materials was examined using a reference brittle
material (fused quartz, introduced in the previous chapter), nanoindentation, and
focused ion beam milling. Finite element analysis was used as a supportive tool to help
define the stresses and strains that lead to the various types of cracks observed from
nanoindentation. This chapter outlines how nanoindentation, a dual beam scanning
electron microscope with a focused ion beam, and finite element analysis was used to
investigate the cracking of fused quartz. All experimental observations and results will
be presented in later chapters.

Nanoindentation
As discussed in the "Introduction and Background" section, there has been a
great deal of studies using nanoindentation to examine the fracture behavior of brittle
materials. In this work, nanoindentation experiments were performed on the surface of a
reference brittle material, fused quartz (GE 124, Momentive), using a Nanoindenter XP.
The fused quartz sample was received pre-cut (12 mm x 12 mm x 6 mm) and in the
polished condition. The major difference of the GE 124 fused quartz to fused silica is
that it has a lower OH content [3]. As previously mentioned, fused quartz is used for a
variety of applications in a thin-film form and there is a need to fully understand the
formation and evolution of cracks on the small-scale of this brittle material.
Nanoindentation is a technique in which only a small volume of material is needed to
evaluate the fracture on the micro- and nanoscales.
All indentations were performed to various maximum peak loads (1, 3, 5, 10, 40,
ሶ

100, and 500 mN) to determine the cracking behavior. The indentation strain rate ( ሻ


was 0.05 1/s. Indentation experiments were performed in air (temperature and humidity
were not controlled). There has been evidence that some environmental conditions can
influence the cracking behavior of glass. Hammond and Ravitz found that near the tip of
cracks, vapor molecules will contribute to the breakage of silicon and oxygen bonds
leading to a lower strength measurement [38]. Wiederhorn observed water vapor to
influence the velocity of the crack propagation in soda-lime-silicate glass [39]. Five three
sided pyramidal indenters of varying centerline-to-face angles (35.3°, 45°, 55°, 65.3°,
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and 75°) were used to capture the effects of indenter geometry on cracking threshold
load and cracking behavior. Locations of the indentations were random throughout the
sample surface.

Imaging and Milling
There have been significant improvements in scanning electron microscopes and
focused ion beam milling instruments that allow users to investigate materials on the
nanoscale. A dual beam, high resolution scanning electron microscope equipped with a
focused ion beam (Zeiss Auriga) was used to image and mill the indentations. To find
the locations of the indentation arrays on the surface of the fused quartz, a corner or
Sharpie mark made on the surface of the sample was used to help locate the
indentations inside the scanning electron microscope.
Indentations on the surface of fused quartz were imaged successfully without the
need to apply a conductive coating to the surface. Copper tape was applied to the
surface surrounding the indentation arrays and the voltage and working distance of the
scanning electron microscope were optimized for imaging. To image the indentations
successfully, the voltage was 0.5 to 0.75 kV and the working distance was 1.5 to 2.0
mm. It is important to point out that the time between indentation experiments and
imaging may have influenced the cracking behavior. However, data shows that there is
no significant measureable differences in the crack lengths and indentation sizes (see
results of crack length and indentation size relationships with respect to load in Chapter
3).
A cracking threshold load for each indenter was determined based on
observation of the indentation impressions. In this work, the cracking threshold load is
defined as the load at which one of the indentations radially cracked. The number of
indentations that cracked for each indentation condition (angle and load) are
summarized in Chapter 3. Each indentation was imaged and ImageJ software was used
to measure the crack lengths (c and l) and indentation sizes (a). Figure 2.1 defines the
crack length and indentation size of an indentation impression. All indentation sizes
(cracked or not cracked) of the indentations were measured and used in the analysis.
Crack length data was only obtained from indentations with three radial cracks that
appeared to be coming off of the corners of the indentation impressions. The average of
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Crack length, c

Indentation size, a
Crack length, l

Figure 2.1: Crack lengths (c and l) and indentation sizes (a) measured from indentations. For each
indentation, all three crack lengths and indentation sizes were measured and averaged. Crack length
denoted as "c" is the measurement from the center of the impression to the tip of the radial crack and
crack length denoted as "l" is the measurement from the corner of the impression to the tip of the radial
crack.

20

the three crack lengths and indentation sizes for each indentation measured were
documented. Crack length and indentation size data were used to evaluate how well the
material's estimated Į and Ȥ constants in the fracture toughness equations (see Chapter
1) compare to others previously reported (will be presented in Chapter 5).
The subsurface cracking profiles were observed after material had been removed
from the indentations using the focused ion beam (FIB). A layer of gold (about 20 nm)
was deposited onto the surface of fused quartz prior to FIB milling to prevent charging
effects during the milling process. This gold coating may appear to be rough or looks
like an "orange peel" surface. This appearance is due to the gold not completely wetting
the surface. The subsurface cracks were not affected by the gold coating on the
surface. Milling conditions through the indentations depended on the size of the
indentations. Larger indentations required deeper depths (10 to 20 μm) of material
removal. A smaller milling current (200 pA) was used for smaller indentations to avoid
any FIB milling artifacts or over milling through the indentation. FIB milling current for
larger indentations ranged from 500 pA to 8 nA. Side trenches were milled to provide a
space for material to be deposited while the indentations were being milled. All
indentations were milled in the same direction: into one corner and parallel to the final
edge of the indentation impression (see Figure 2.2). This would allow the cross section
in the center of the impression to be from one face of the indentation impression to the
opposite face of the indentation impression.
After material was removed from the milling process, the radial cracks were
analyzed to see whether or not they propagated due to residual stresses. It was
observed that the radial cracks propagated in the largest indentations milled (45° 300
and 500 mN indentation) after material was removed from the first radial surface crack.
This increase in crack lengths was not very significant and the FIB probe current was
decreased to diminish the possibility of further crack propagation. There was no
indication of cracks propagating after material was removed in the indentations made at
loads lower than 300 mN.
As previously discussed in Chapter 1, the FIB technique has been used to cross
section through indentations and crack profiles have been documented. Crack profiles
have been presented in 3D configurations and do not characterize the smaller cracks
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Side Trenches

FIB Milling Direction
Milling Feature
Figure 2.2: The start of the indentation milling was at one corner and ended at the opposite edge of the
impression. Side trenches were introduced on the sides of the impression to allow material being
removed throughout the process to be deposited in a trench and not block the plane of view beneath the
impression.
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below the indentation impression. In this work, a limited number of cross sections were
taken from indentations to better capture the nano-sized cracks below the surface of the
indentation impressions. In other words, higher magnification images were taken below
the indentation impressions to capture subsurface cracks after each cross section had
been made. The number of cross sections through an indentation depended on the size
of the indentation impression: more cross sections were made through the larger
indentations (500 mN) than the smaller indentations (10 mN).
The load and indenter angle effects on the subsurface cracking profiles will be
discussed and data will be compared to previously reported results. The 45° indenter
resulted in the indentations with a distinct cracking threshold within the load range of 10
mN to 500 mN. Therefore, the 45° indentations in that load range were chosen to be
milled and define the cracking thresholds of cracks below the indentation impressions.

Finite Element Analysis
The ABAQUS finite element software package was used to perform conical,
nanoindentation simulations on a material with properties similar to fused quartz and
was elastic-perfectly plastic. An input file developed by a previous research group
member was utilized with a mesh already defined [40]. The material properties and
indenter angles were modified to meet the needs of the simulations of interest. The
simulation was based on Mises flow theory and the material was volume conserving
with no densification. The mesh of the finite element simulation is provided as Figure
2.3. Near the contact of the indenter and the material, the mesh is finer with the
elements of the mesh becoming courser as you move away from the contact of the
indentation. The indentations were performed in two-dimensions using axisymmetric,
conical indenters with the equivalent cone angles ( )ڧequal to the three sided pyramidal
indenters used in the nanoindentation experiments. The element type was CAX4: 4node bilinear axisymmetric quadrilateral. All finite element simulations were performed
in the frictionless mode. Bhattacharya and Nix presented that they did not see any
noticeable differences in the load-displacement curves of their finite element simulations
using an indenter with and without friction [41]. Table 2.1 provides the equivalent cone
angles for the respective three sided pyramidal centerline-to-face angles. The
equivalent cone angle of a cube corner (42.321° cone) was attempted but the ABAQUS
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ڧ

Figure 2.3: Conical finite element analysis was used to determine the stresses that contribute to cracking
in brittle materials. The elements are finer near the contact of the indenter and material. Angle  ڧis the
equivalent cone angle.

Table 2.1: Equivalent cone angles used in finite element analysis.

Three Sided Pyramid
Centerline-to-Face Angle
45°
55°
65.3°
75°

Equivalent Cone Angle, ڧ
52.143°
61.436°
70.298°
78.231°
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program crashed due to the cone being too sharp for the mesh designed. Simulations
were performed to indent the surface to a depth of 0.2 μm. All the stress contours at
peak load (when the indenter reached maximum load) and complete unload were
plotted and compared to help support the experimental observations. MATLAB was
used to plot the resulting stress contours using the data calculated from ABAQUS.
The accuracy of the finite element stress fields was determined by comparing the
perfectly elastic stress fields to the stress fields resulting from the stress equations in
the publication "Boussinesq's Problem for a Rigid Cone" by Ian Sneddon. Only the
Berkovich equivalent cone angle was used in the calculations using Sneddon's
equations and finite element results from the perfectly elastic simulation. Because there
is no plasticity, only maximum load data is presented and discussed below. The elasticperfectly plastic results of the finite element simulations will be presented in the
following chapters along with the experimental observations.
The stress fields inside a semi-infinite elastic material with a Poisson's ratio (Ȟ) of
0.188 that has been indented by a rigid cone were calculated using the equations from
the publication "Boussinesq's Problem for a Rigid Cone" by Ian Sneddon. This was
important to plot so that the results could be compared to the perfectly elastic finite
element stress distributions to confirm if the finite element solutions are accurate. Also,
they were used to better understand how the plasticity influenced the stress distributions
when compared to the elastic-plastic material described later.
The stresses of interest were radial (ır) , normal (ız), hoop (ı)ڧ, and shear (Ĳrz).
Sneddon equations for the stresses noted are below [42, 43]:
ߪ௭
ൌ െሼܬଵ ሺߩǡ ߞሻ  ߞܬଶ ሺߩǡ ߞሻሽ

ߪఏ
ͳ
ൌ െ ʹߥܬଵ ሺߩǡ ߞሻ  ሼሺͳ െ ʹߥሻܬଵ ሺߩǡ ߞሻ െ ߞܬଵଵ ሺߩǡ ߞሻሽ൨

ߩ
ʹሺͳ െ ߥ ଶ ሻ 
ߪ௭
ߪ
ߪఏ
ൌെ
ܬଵ ሺߩǡ ߞሻ െ
െ

ͳെߥ
 
߬௭
ൌ െߞܬଶଵ ሺߩǡ ߞሻ

The variables ȡ and ȗ are the normalized r and z axes, respectively, with respect to the
contact radius, "a" (note: "a" here is not indentation size). At ȡ = 1, the contact radius
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and the position along the r axis are the same which means this is the last point of
contact between the indenter and the material. The mean contact pressure (pm) is found
using the equation [42]:
 ߙ ൌ

 ʹሺͳ െ ߥ ଶ ሻ
ܧ

where Į is the equivalent cone angle, Ȟ is Poisson's ratio, and E is elastic modulus. The
J integrals in the above equations are defined below [42, 43]. All stress contour plots
are normalized with respect to the mean pressure.
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Radial Stress
The first observation that is made from the radial stress contours calculated from
Sneddon's equations (Figure 2.4) is that there are both compressive and tensile
regions. The compressive region is large with a larger magnitude than the tensile
regions. Along the axis normal to the rigid cone indentation and below the compressive
region, there is a region of tensile stresses. The contour labeled 0.0254 is the largest
tensile stress along the z/a axis. The second region of tensile stress begin at the point
of contact of the material and the indenter (r/a = 1) and extends away from the point of
the contact.
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Figure 2.4: Radial stress contours calculated using Sneddon's equations.
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The radial stress contours resulting from the perfectly elastic finite element
simulations (Figure 2.5) have the same tensile and compressive regions. The shapes
are also relatively the same. However, there are issues with the finite element results
that are seen:
1. At the tip of the indentation in Figure 2.5, the stresses are "blowing" up and reach
a stress singularity. The stresses in the vicinity of the tip of the indentation are
not of importance and will be ignored.
2. The stresses right along the z/a axis are distorted (see Figure 2.5 for a visual of
what this looks like). For axisymmetric finite elements, the stiffness matrix has
terms that are proportional to r or 1/r. These terms could affect the calculation of
nodal stresses that are plotted.
The tensile radial stresses on the surface near r/a = 1 could be causing the
opening of the edge cracks that have been previously observed and discussed by
Yoshida [25]. This means the elastic component of the material would be causing the
edge cracks to form as opposed to any plastic effects. Compared to the Sneddon
results, the perfectly elastic tensile stress near r/a = 1 is lower in magnitude. The tensile
region below the indentation impression could be a median crack and is further
discussed in conjunction with the hoop stress.
Normal Stress
Both normal stress contours from Sneddon's equations (Figure 2.6) and perfectly
elastic (Figure 2.7) material are compressive under the indentation. Shapes of the
stress contours match well.
Hoop Stress
There is a significant increase in the stress values at the tip of the indentation of
the perfectly elastic finite element simulation results for the hoop stress (Figure 2.9).
However, the contour shapes follow the same pattern as the Sneddon results (Figure
2.8). Looking at the normalized stress contour values and positions, they are very much
the same. This along with the normal stress and radial stress confirms that there is
accuracy in the finite element solutions.
The hoop stress from both of the results have a compressive region and tensile
28

Distortion along
z/a axis

Figure 2.5: Radial stress contours resulting from the conical finite elements without plasticity.

Figure 2.6: Normal stress contours calculated using Sneddon's equations.
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Figure 2.7: Normal stress resulting from the conical finite elements without plasticity.

Figure 2.8: Hoop stress calculated using Sneddon's equations.
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Figure 2.9: Hoop stress resulting from the conical finite elements without plasticity.
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region at maximum load. The tensile region is along the same axis as the direction of
the indentation and it is below the compressive region. This tensile region may be the
same that is observed in the radial stress contours and may be an indication of the
median crack system. Median cracks form below the indentation along the z/a axis.
Both in the radial stress and hoop stress contours the tensile region along the z/a axis is
near circular which is what one may expect how a median crack begins.
Shear Stress
The shear stress is important in the case of cracking because the shear may be
influencing the edge cracks due to material being displaced. Also, shear may be
nucleating the cracks as discussed in Chapter 1. The shear stress contours from
Sneddon's equations (Figure 2.10) and the perfectly elastic material are different (Figure
2.11). This may be due to the mesh that was used in the finite element solutions. The
mesh chosen has a finer mesh along the contact of the indenter and material. The mesh
is courser going into the material. This difference may also be due to the stress
singularity again that is seen at the tip of the indentation. Based on these observations,
we cannot have confidence in the finite element data close to the tip of the indenter. We
will see that this result of the stress "blowing" up goes away when plasticity is
introduced into the material.
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Figure 2.10: Shear stress calculated using Sneddon's equations.

Figure 2.11: Shear stress resulting from the conical finite elements without plasticity.
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Chapter 3
Surface Cracking Observations
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Effects of Indenter Angle and Load on Surface Cracking
The number of indentations per experimental condition varied. Five indentations
were first performed using each indenter angle and load, but there are more higher load
indentations that were introduced onto the surface to be indentation array markers.
Without the larger indentations in the indentation array, it would have been very difficult
to find indentations that were made at loads below 10 mN.
Figure 3.1 is organized in a way in which the radial cracking threshold load of
each indenter geometry is observed for the maximum peak loads used in this study.
Each image for the indenter and load was chosen to best demonstrate what the other
indentations under those conditions looked like. However, there is a threshold load at
which some indentations have less than three cracks and a threshold load at which
more than three cracks form. There will be more emphasis on this behavior in the
following sub-sections.
Radial Cracks
All cube corner indentations in the load range 1 mN to 40 mN cracked. The
maximum peak load reached for the cube corner indenter was 40 mN. This was found
to be the safe load to perform the indentation experiments using this indenter geometry
because at greater loads some indentations did chip. Chipping during an indentation
experiment can potentially cause damage to the diamond indenter tip and/or the
nanoindentation instrument. No other indenter geometry and load combination
appeared to lead to complete material removal. Images from the indentations that
resulted in material removal will be presented in sub-section "Chipping". The 45°, 55°,
65.3°, and 75° indentations all were performed in the range of 1 mN to 500 mN because
no chipping was observed.
In one of the 1 mN cube corner (35.3°) indentations (out of five), a corner had a
visible, small radial crack propagating from the indentation impression. The 1 mN cube
corner indentation with a crack is presented as Figure 3.2. At 3 mN, all five cube corner
indentations had radial cracks coming off of the indentation impression.
Most of the 3 mN cube corner indentations had cracks not propagating off of the
corners of the impression. Some cracks propagated from the edge of the indentation
impression. The cube corner indenter threshold load is defined to be 1 mN because (1)
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Crack

Figure 3.2: Cube corner indentation on fused quartz at 1 mN with crack at one corner.
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all five of the 3 mN indentations radially cracked and (2) it is questionable that smaller
radial cracks may have propagated off of the other 1 mN load indentations. Difficulty
imaging at high magnification may lead to distorted images especially since this material
is non-conductive. It is clear by observing the higher cracking threshold loads of the
higher angle indenters that there are no cracks at 1 mN for those indenter geometries.
The radial cracking threshold load for the 45° indenter was found to be 10 mN. It
may be difficult to see the cracks in the SEM image of Figure 3.1 because of the noise
in the image due to charging effects. Four out of ten 10 mN indentations radially
cracked and only one out of the four indentations had three cracks emanating from the
indentation impression. By increasing the load by 10 mN to 20 mN, all ten indentations
cracked with half of the indentations having two radial cracks and the other half having
three radial cracks. There are no indentations at 5 mN with cracks. Therefore, the load
that was between 5 mN and 20 mN that cracked was 10 mN. These observations
support that the cracking threshold is 10 mN for the 45° indenter.
Cracks were not observed in the 55° indentations until a maximum peak load of
500 mN was performed. Out of the 39 indentations at 500 mN, only 22 radially cracked
(in other words, 61% of the indentations cracked). Out of the 22 indentations that
cracked, 18% had two radial cracks, 64% had three radial cracks, and 18% had four
radial cracks. No radial cracks were observed for the Berkovich and 75° indentations
within the load range performed in this study. Therefore, the radial cracking threshold
load is above 500 mN for Berkovich and 75° indenters. Tables 3.1 and 3.2 provide more
detail on how many cracks were observed for the cube corner and 45° indentation
conditions.
Edge Cracks
An interesting crack feature that is observed in the 55° and 65.3° indentations at
all loads is the edge crack. Edge cracks have been observed by others, but not many
have discussed the formation or initiation of these cracks. Yoshida et al. have discussed
these edge cracks in detail, but compared the initiation and formation from indenters
with centerline-to-face angles of 65.3° up to 80°. The threshold and observations of the
edge cracks is discussed here.
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Table 3.1: The number of cracks observed for each indenter load in the cube corner (35.3°) indentations.

Peak Load
(mN)
1

0
(difficult to
conclude)

Cube Corner (35.3°) Indentations
Number of Cracks Observed Off of Indentations
1
2
3
4 or More
1/5
4/5
2/5
4/5
4/26

3
5
10
40

1/5
3/5
1/5
21/26

Table 3.2: The number of cracks observed for each indenter load in the 45° indentations.

Peak Load
(mN)
1
3
5
10
20
40
100
500

0
5/5
5/5
5/5
6/10

45° Indentations
Number of Cracks Observed Off of Indentations
1
2
3
4 or More

3/10
5/10

39

1/10
5/10
20/23
13/28

3/23
15/28
5/5

Figure 3.3 presents two Berkovich indentations with edge cracks and other
cracking features that are connected to the edge cracks. The cracking features
nucleating from the edge cracks are very similar to what ring cracks look like. Also,
there are signs that material along the edges of the impression may be sticking above
the surface and edge cracks may be contributing to pushing material away from the
indentation impression.
Cube corner and 45° indentations do appear to have edge cracks along the
indentation sides, but they are not as noticeable as the 55° and 65.3° indentations. At
10 mN for both cube corner and 45° indentations, edge cracks can be observed for
some of the indentations. On the other hand, edge cracks are very clear in the 55° and
65.3° indentations at this low load in Figure 3.1. This indicates that there is an indenter
geometry effect on the edge cracking threshold and how large the edge cracks open
along the edge. Figure 3.4 presents a larger image of the 45° 10 mN indentation that is
in Figure 3.1. The indentation in Figure 3.4 is provided here to show how much smaller
the edge cracks appear at this load. Finite elements were used as a tool to determine
(1) how the indenter angle influences the edge crack formation and (2) if the edge
cracks are forming at maximum load or complete unload.
As a reminder to the reader, the finite element simulation performed in the first
chapter was only looking at the equivalent cone angle indentation on a perfectly elastic
material. To use finite elements in this section, the material in the finite element analysis
is elastic-perfectly plastic. The material properties are still the same as before (elastic
modulus = 70 GPa, Poisson's ratio = 0.188), but includes a yield stress (ıy) of 8.0 GPa.
This yield stress was chosen because it yielded a calculated hardness (H) of 10.8 GPa
using the Berkovich equivalent cone angle. A finite element conical indentation was
performed on the same material with four different conical indenter angles (see Table
1.1).
Based on Sneddon's results, a high radial tensile stress appears to be at the
contact of the indenter and material (r/a = 1). The radial stresses resulting from the
elastic-perfectly plastic finite element simulations were chosen to be analyzed. The
normalized radial stress (ır/ıy) contour plot for the 70.298° cone angle (Berkovich
equivalent cone angle) is presented in Figure 3.5 to highlight the location of the highest
40

A

Crack feature
off edge crack
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B

Crack feature
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Figure 3.3: Two Berkovich 500 mN indentations with edge cracks and cracking features that nucleate
from edge cracks. Indentation B have two indentation edges that are bowed outward.
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Edge crack

Edge crack

Edge crack

Figure 3.4: The 10 mN 45 indentation from Figure 3.1 is presented here to show what the edge cracks
look like for the sharper indenter at lower loads. In Figure 3.1, the edge cracks are better observed at this
low load for the higher indenter angles.

Figure 3.5: Normalized radial stress contour for the 70.298° cone (Berkovich equivalent cone angle) at
maximum load.
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radial tensile stress near the contact of the indenter and material. All other stress
contours used in the analysis are provided in the Appendix. What is important to take
away from these radial stress contour plots is that the highest radial tensile stresses are
at the surface near the contact periphery (r/a = 1). When comparing the size to different
indenter geometries, we see that the depth of this stressed region is influenced by the
indenter angle. As the conical indenter increases from the 45° equivalent cone angle to
the 65.3° equivalent cone angle, the region of high tensile stress becomes wider (wider
edge crack).
The magnitude of the normalized radial stresses (ır/ıy) at the surface of all
indenter angles are compared in Figure 3.6. Data from maximum load and complete
unload are included. The dotted black vertical line designates the location where the
indenter and the material make contact. The key take away from this finite element data
is that the normalized radial stress is highest at maximum load for all conical indenter
angles. Upon unloading the indenter, the stress decreases in magnitude for all indenter
geometries. There is a question that arises from this observation: if the radial stress is
tensile and highest at maximum load, then why is there only one edge crack observed
and not multiple edge cracks inside the indentation impression? With this in mind, all
indentation impressions were revisited to see if there are edge cracks inside the
indentation impressions. Only a few indentation impressions like those in Figure 3.7 had
what appeared to be cracks along the face of the impression, but there are not enough
indentations with these cracks to make any conclusions about whether or not edge
cracks form prior to maximum load.
There is a difference in how the radial stresses relax amongst the different
indenter angles. As seen in Figure 3.6, the radial stresses in the 45° equivalent cone of
52.143° decrease in magnitude like the other indenter angles, but the highest radial
stress remains in the same position relative to the point of contact. All three other
indenter angle radial stresses result in a shift to the left of the point of contact. This shift
or change in location of the radial stress could be providing an extra component to the
edge crack and how it forms for different angles. Figure 3.8 is a plot that compares the
highest radial stresses at maximum load and complete unload for the different indenter
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Figure 3.6: Normalized radial stress on the surface of the material resulting from four different conical
indenters with varying angles at maximum load (Load) and complete unload (Unload). Dotted black
vertical line is defining the contact location of the indenter
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A
Crack inside face of
impression parallel to edge

B

Multiple cracks inside
face of impression
parallel to edge

Crack inside face of
impression parallel to edge
Figure 3.7: 500 mN 55° indentations with cracks inside the impressions. There are not many indentations
with these cracks inside the impressions and no conclusions can be drawn about whether or not the edge
cracks form during loading or at peak load.
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Figure 3.8: Comparison of the maximum normalized radial stresses for the different conical indenters at
maximum load and complete unload near the contact of the indenter and material.
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angles. Again, we can see how indenter angles influence the radial stress at the contact
of the indenter and material. The 55° equivalent cone angle of 61.436° has the highest
radial stress at the point of contact of the indenter and material at maximum load. The
65.3° equivalent cone angle of 70.298° has a radial stress value close to that of the 45°
equivalent cone angle of 52.143°. The magnitude of the radial stress at maximum load
and complete unload changes dramatically with indenter angle: as indenter angle
increases, the difference in magnitude of the radial stress at maximum load and
complete unload increases.
Results from the elastic-perfectly plastic finite elements are now compared to
data from the perfectly elastic results. Stress contour values from the Sneddon contours
were plotted in Figure 2.4 for a direct comparison. Contour with a normalized radial
stress value of 0.138 is the closest to the contact of the indenter and material in both
cases. In MATLAB, this contour was specified to be plotted in the perfectly elastic
contour plot. But due to potential mesh issues of the perfectly elastic finite element
simulation, this contour is not present on the plot. Sneddon's results will be used to
determine if the elastic or plastic properties of the material plays a role in the edge crack
formation. Because this contour is in the same relative location in both the perfectly
elastic case (demonstrated by Sneddon's results) and elastic-perfectly plastic case, then
the edge crack is being opened by the elastic components of the material, not plasticity.
Chipping
Cube corner indentations only were performed to a maximum load of 40 mN
because of material removal or chipping. Not all indentations at this load chipped. It was
clear in the surface observations that some of the indentations that did not chip were on
the verge of chipping. The indentation in Figure 3.9 is still intact, but the radials on two
corners appear to be connected below the surface. Also, along the edge of the
impression there is an opening where the edge crack would be located.
In half of the 26 cube corner 40 mN indentations, the radial cracks were
connected on the surface by the edge crack. Figure 3.10 presents four of those
indentations. These demonstrate that there is in some cases a connection of the radial
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Edge crack opening

Figure 3.9: Cube corner indentation at 40 mN that is about to chip on one side of the impression.

A

B

C

D

Figure 3.10: Cube corner 40 mN indentations that have two radials connected by the edge crack.

48

cracks with the edge cracks. This connection between two radials may be the stage
prior to material removal.
Out of the 26 cube corner indentations at 40 mN, four had been completely
chipped with at least one of the faces of the indentations completely removed (like the
one in Figure 3.11). Three out of the 26 indentations chipped differently: material was
clearly removed, but all three faces of the impression remained in the same place.
Figure 3.12 presents how the other chipped indentations appeared. Indentations in
Figure 3.10 indicate that the edge cracks play a role in chipping. Using the same
terminology as Cook and Pharr, the material removed from the indentations in Figures
3.11 and 3.12 look like scallop shell craters. If lateral cracks were the cause of chipping
in these indentations, the entire indentation impression would have been removed
leaving a "crater". Figure 3.13 is an example of an indentation that had chipped due to
lateral cracks. This observation was made by Bradt and Quinn after performing a
Vickers indentation on boron carbide [44]. The chipping due to lateral cracks leaves a
large crater where as the chipping in the fused quartz indentations are due to the edge
cracks connecting with the radials and pushes material out and away from the
indentation impression. Subsurface observations of this phenomenon will be provided in
the next chapter.

Figure 3.11: Cube corner 40 mN indentation with one face of the impression completely removed.
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A

B

C

Figure 3.12: Images A, B, and C are cube corner 40 mN indentations that did chip, but all three faces of
the indentation impression remained intact.

Figure 3.13: Vickers indentation on boron carbide that resulted in severe chipping due to lateral cracks
[44]. Indentation was performed and observed by Bradt and Quinn [44].
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Load-Displacement Curves
Material fracture characteristics have been defined from the load-displacement
curves after the nanoindentation experiments. Because there are indentations found in
this study to behave differently from the majority of the indentations under a certain
condition (load and indenter geometry), it is necessary to determine if the loaddisplacement curves can provide details as to when fracture occurs during an
indentation cycle.
The first set of load-displacement curves in Figure 3.14 are those from 40 mN
indentations for all of the indenter geometries. Each load-displacement curve in the
figure is from the indentations found in Figure 3.1. There were no discontinuities in the
curves. The curves are representative of all the other indentations under those
conditions. However, the cube corner load-displacement curves did have some
differences among them. These differences were discontinuities along the loading
portion of the curves. When these load-displacement curves were compared amongst
the others and the images, there were no conclusions that can be drawn. Figure 3.15
are load-displacement curves of the indentation without chipping in Figure 3.9 and with
chipping in Figure 3.11. As seen in Figure 3.15, the load-displacement curve with a
larger amount of discontinuities came from the indentation without chipping. Therefore,
it would not be appropriate to assume for these indentations that one can look at the
load-displacement curve and conclude if there is significant fracture resulting from the
impressions.
As previously discussed, the 55° 500 mN indentations resulted in a wide range of
cracking observations. Load-displacement curves of 55° indentations at 500 mN with
four cracks, two cracks, and zero cracks are compared in Figure 3.16. It is clear that all
of the load-displacement curves for the different indentation impressions line up on top
of each other very well. There are no signs of cracking in the load-displacement curves.
Again, it would not be enough to look at the load-displacement curves and conclude if
the resulting indentation impressions are fractured or not.
The load-displacement curves of the indentations in Figure 3.3 are compared in
Figure 3.17 to see if there are any discontinuities due to the cracking features along the
edges. Like the other fracture features, there are no discernable differences in the
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Figure 3.14: Load-displacement curves for all the indentations at 40 mN found in Figure 3.1.

Figure 3.15: Load-displacement curves from the unchipped cube corner indentation in Figure 3.9 and the
chipped cube corner indentation in Figure 3.11. The unchipped indentation has more discontinuities in the
load-displacement curve.
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Figure 3.16: Load-displacement curves from 55° indentations at 500 mN with different cracking
observations: zero, two, and four cracks. No discontinuities in the load-displacement curves are
observed.

Figure 3.17: Load-displacement curves from the indentations in Figure 3.3 showing there are no
discontinuities due to the cracking features off of edges.
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curves and the load-displacement curves cannot be used to conclude if indentations
have edge cracks. These observations of the indentations not having discontinuities in
the load-displacement curves may be a sign that cracking may be occurring after the
indenter was completely removed. Factors like temperature and humidity may influence
post-experimental cracking (as discussed in Chapter 1).

Evaluation of Crack Lengths, Indentation Sizes, and Fracture Toughness
Crack lengths and indentation sizes were measured from a select number of
indentations. Only indentations where three cracks from or near the corner of the
impressions were used in the crack length analysis. All indentation sizes were
measured for the indentations regardless of how many cracks were present. Cube
corner indentations that had significant chipping were not measured because material
removal changed how the impression appeared. Data from the measurements were
used to determine if the material behaved in the way it is expected (as discussed by
Lawn, Evans, and Marshall) and if fracture toughness can be accurately calculated.
Lawn, Evans, and Marshall found for well developed radial cracks the crack
length, c, will be proportional to P2/3 [27]. These well developed cracks that Lawn,
Evans, and Marshall are referring to are median/half-penny cracks that had opened on
the surface (hence, radial cracks). Crack lengths from this study are plotted with respect
to the load in a double log plot in Figure 3.18. Only cube corner and 45° indenter data
have slopes because they were the only indenters that resulted in cracks within the load
range studied. The 55° indenter data for 500 mN was added and demonstrates that
there is no scatter in the crack lengths for that indenter at that load. Both the cube
corner and 45° crack lengths are related to the maximum load as expected: c is
proportional to P2/3 (slope is ~0.67).
Indentation sizes also have a relationship with respect to maximum load that is
known: indentation size, a, is proportional to P1/2 and is found in the hardness equation
for a three sided pyramidal indentation. The equation of hardness of a three sided
pyramidal indentation is:
ܪൌ

Ͷܲ
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Slope 35.3°: 0.693
Slope 45°: 0.681

Figure 3.18: Crack length and maximum load relationship is found to be as expected for the cube corner
and 45° indentations.
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To ensure data collected in this study are following expected trends, the indentation
sizes are plotted with respect to load in Figure 3.19 and the slopes are defined in Table
3.3. All slopes in Figure 3.19 result in values close to the expected 0.5 slope. This
observation confirms that the material fused quartz behaves in the same manner as
other brittle materials that have been previously studied. However, the data for the 1 mN
loads deviate from the higher loads. This may be due to one or more of the following:
1. There may be an error in measurement due to the poor quality of images at lower
loads.
2. At lower loads, the indentations may still be elastically deforming and are smaller
than the original size of the impression right after the tip has been removed.
3. Indentation size effect plays a role: as the indenter load decreases, the hardness
increases which would lead to a smaller indentation size. Yoshida et al.
discussed the role of densification on this effect [45].
Another way to check if the indentation size of the impressions is behaving as
expected from the nanoindentation experiments is to plot the indentation sizes with
respect to indenter angle. Because the indentation size is a result of the hardness of a
material, then the indentation size should be constant for all indenter angles at one load
if the hardness is independent of indenter angle. Figure 3.20 plots the results of the
indentation size with respect to indenter angle for all of the maximum peak loads. It is
clear from Figure 3.20 that as the maximum peak load increases, the indentation sizes
are no longer constant among the different indenter angles. Table 3.4 provides the
slopes of the curves for each of the maximum peak loads to show how significant the
changes are from 40 mN to 100 and 500 mN. At 40 mN and below, the indentation
sizes are relatively constant for the indenter angles. Above 40 mN, the slopes change
dramatically and they increase with the load. Unfortunately, this is inconsistent with
what is expected from theory. In theory, the indentation sizes should not be changing
with indenter angle for a given load because the hardness (which is proportional to
indentation size) is a material characteristic. This experimental data shows that at
higher loads (above 40 mN), the indenter angles begin to have an effect on the
measured indentation size and hardness.
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Figure 3.19: Indentation size versus maximum peak load of indentation experiments for all indenter
angles studied.

Table 3.3: Resulting slopes from Figure 3.19.

Indenter Angle
35.3°
45°
55°
65.3°
75°

Slope
0.526
0.522
0.538
0.534
0.583
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Figure 3.20: Indentation size (on log scale) with respect to indenter angle for a range of maximum peak
loads.

Table 3.4: Slopes resulting from the lines in Figure 3.20 (slopes are taken from the plot where indentation
size is not on the log scale, but linear scale).

Load
1 mN
3 mN
5 mN
10 mN
40 mN
100 mN
500 mN

Slope
-1.00
0.645
1.36
-0.454
7.10
22.0
80.1
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Finite element results can again be used here to help explain why there may be
differences in the indentation sizes at larger loads for the indenter angles. As explained
before, the hardness of a material is a material characteristic and is directly related to
indentation size. In the "Introduction and Background" section, experiments performed
by Harding, Gross, and Morris and Cook demonstrated that by decreasing the indenter
angle the amount of material being displaced is changed and influences the fracture
behavior [20, 21, 23]. Sharper indenters displace more material surrounding the
indentation than blunter indenters. By comparing the surface profiles of the 45° and 75°
equivalent cone angles found from finite elements (Figure 3.21), the influence of
indenter angle on pile-up or sink-in can be assessed. The pile-up or sink-in behavior
has been shown to influence the measurement of indentation sizes [26]. Figure 3.21
presents that there is more pile-up in the 45° equivalent cone angle than the 75°
equivalent cone angle. More strain is induced by the 45° indenter and will contribute to
the measurement of smaller indentation sizes.

Figure 3.21: Surface profiles at maximum load and complete unload for 2D conical finite elements. Only
the sharpest cone and bluntest cones are presented here for comparison.

Crack lengths measured from nanoindentation experiments are used to estimate
fracture toughness of materials. Chapter 1 provides an extensive discussion on the
various theories of crack nucleation and fracture toughness equations. Two very
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commonly used equations are those developed by Lawn, Evans, and Marshall (LEM)
and Laugier. The equations developed by the two sources are dependent on the type of
crack system present below the indentation impression. The LEM equation is based on
the assumption that the cracks on the surface result from the median/half-penny crack
system [27]. On the other hand, Laugier's equation was developed for shallow surface
cracks, called Palmqvist cracks [29]. Here, the constants for the equations will be
determined using the data found from the indentations. Later in Chapter 5, the
constants and how well the fracture toughness can be calculated compared to other
works will be presented.
In order to calculate the fracture toughness of a material using nanoindentation
and the equations by LEM and Laugier, the constants need to be determined. These
constants were found using the equations defined by LEM and Laugier and a known
fracture toughness value for fused quartz. Cui and Vinci have reported the fracture
toughness of fused quartz to be 0.62 MPa•m1/2 after performing a micro-mechanical
fracture test [46]. The constant 0.62 MPa•m1/2 was chosen to be used here. Other works
have found the fracture toughness of fused quartz to be around that value [47, 48]. The
elastic modulus and hardness of fused quartz were determined from five Berkovich 500
mN indentations on this material. The results from the five indentations were averaged
and the resulting hardness and elastic modulus were 9.72 GPa and 71.7 GPa
respectively. Only crack length, c, measured from the center of the indentation
impression to the tip of the crack is used in the LEM equation. However, both
indentation size, a, and crack length, l, measured from the corner of the indentation
impression to the tip of the crack is used in Laugier's equation. It is important to point
out that some of the cracks did not nucleate off of the corner of the indentations
impressions. This means that the crack length designated as "l" does not exactly equal
to crack length "c" minus the indentation size "a". This observation already points out
difficulties in using Laugier's equation to estimate fracture toughness for fused quartz.
Constants for LEM and Laugier's equations are found using the plots in Figures
3.22 and 3.23. The slopes of the curves are the constants Į (Figure 3.22) and Ȥ (Figure
3.23). Each constant for the indenters are defined in the figures. Again, the "Discussion"
chapter will present how this data compares to others.
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Į35.3° = 0.0478
Į45° = 0.0324

Figure 3.22: Constant Į in Lawn, Evans, and Marshall equation is found for the cube corner and 45°
indentation data.

Ȥ35.3° = 0.0255
Ȥ45° = 0.0398

Figure 3.23: Constant Ȥ in Laugier equation is found for the cube corner and 45° indentation data.
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Chapter 4
Subsurface Cracking Observations
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Effects of Load on Subsurface Cracking
By looking at Figure 3.1, it is clear to see that the 45° indentations in the load
range studied have a distinct cracking threshold load. The cube corner indentations all
crack in the load range 1 to 40 mN and the indentations made with higher indenter
angles (55°, 65.3°, 75°) either don't crack or have cracks only at 500 mN. This is why
the 45° indenter was chosen to study the formation and evolution of cracks below the
surface of the indentation impression. Before presenting the subsurface cracking
profiles, it is necessary to remind the reader that "curtaining" may be present in the
cross sectional images. This FIB artifact is the result of the ions removing material
below the crack or hole which makes the crack appear to be longer. Only in select
images will "curtaining" be pointed out to remind the reader what this FIB artifact looks
like. Also, all milled indentations are coated with gold. As mentioned previously, this
gold coating surface appears to be rough because the gold does not completely wet the
surface.
The lowest load 45° indentation that was milled was the 10 mN indentation. It
was at this load that only four out of ten indentations radially cracked. The question of
whether or not there are subsurface cracks present without surface cracks at this
threshold comes to mind. A 10 mN 45° indentation without surface cracks was milled
and is presented in Figure 4.1. The red line defines where the view below the surface in
Image B is located in Image A (right through the center of the indentation impression). It
is clear that there are no subsurface cracks below this impression in which there are no
surface cracks.
Because there were only four out of ten indentations at 10 mN that cracked, 20
mN indentations were performed to see if there were indentations with and without
cracks. As mentioned before, five out of ten 20 mN indentations had two cracks and the
other five indentations had three cracks. This was again a good low load to mill through
and try to see if there are any differences in the indentations with different numbers of
cracks. Figure 4.2 presents what the surface of the indentations looked like and where
the slices where made through the indentation. Table 4.1 presents the images of the
cross sections. Each line in Figure 4.2 is labeled and are called the "Slice Numbers" in
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A

B

Figure 4.1: Image A is the surface view of the 45° 10 mN indentation that was milled. Image B is the view
below the surface. The red line defines where the slice was made in the indentation impression of Image
A (right through the center of the indentation impression).
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Figure 4.2: Two 20 mN 45° indentations: one with two cracks (Image A) and another with three cracks
(Image B). The red lines define the locations of the "Slice Numbers" in Table 4.1.
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Table 4.1: Cross sections of the 45° 20 mN indentations in Figure 4.2.

Slice
Number

Two Cracks

Three Cracks

1

2

3

Change in direction of
subsurface radial crack

Line separating bottom most
part of subsurface radial
crack and curtaining artifact
Curtaining

4
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Table 4.1 Continued
Slice
Number

5

Two Cracks

Three Cracks

Could be bottom
most part of elastic
plastic boundary

6

7

8
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Table 4.1. A discussion of the observations in each cross section will be provided here
in the text.
In Slice Number 1 of the 20 mN indentations in Table 4.1, the radial crack that is
first observed on the surface goes straight down into the material near the tip of the
radial crack. Inside the radial crack positioned in Slice Number 2, the length of the radial
crack increases deeper into the material and begins to change direction. Both radial
cracks in the indentations are identical.
Underneath the corner of the indentation impression at Slice Number 3, radial
cracks below the surface are straight down into the material, perpendicular to the
material surface. The cracks are opening up near the surface of the material and
indentation impression. Curtaining is demonstrated in this cross sectional view. Inside
the indentation (Slice Number 4), direction of the subsurface radial crack into the
material begins to deviate inside the indentaiton impression for the two different
indentations. Indentation with three cracks (right) is still straight where as the
indentaiton with two cracks (left) begins to curve towards the left. Both cracks have
opened underneath the indentation impression away from the surface.
At the center of the indentation impression (Slice Number 5), the location where
the cracks below the surface begin are similar and could be beginning from an elasticplastic boundary or plastic zone. This region below the indentation impression in which
the cracks appear to be emanating from has a different contrast from the bulk material
in some images.
In Slice Number 6, over half of the indentation is removed in this cross section.
The subsurface crack is still emanating from a boundary below the impression. There is
a curvature in the subsurface radial crack in the two cracked indentation (left). The
subsurface radial is still striaght into the material in the three cracked indentation (right).
Below the surface at the edge of the indentation impression (Slice Number 7),
the subsurface traces of the other surface radials cracks are present. It is clear that the
two surface radials in the two cracked indentation (left) are one single crack system. It is
inferred from the cross section for the three cracked indentation (right) that the cracks
are all connected at a single location below the indentation impression.
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Beyond the indentation impression (Slice Number 8), the subsurface views of the
other surface radials are observed. The difficulty in viewing these cracks arise from the
FIB cross sectioning not happening perpendicular to the opening of the crack below the
surface.
The next milled 45° indentation was at a load of 40 mN and is presented as
Figure 4.3. Only one 40 mN indentation with four cracks was milled. This indentation
was chosen to be milled because of the fourth radial crack coming from the indentation
impression that is not at the corners. It was hypothesized that the fourth crack on the
surface not at the corner is a result of the first radial crack that is initially being milled.
Table 4.2 is the collection of the cross sectional subsurface views pointed out by the red
lines in Figure 4.3.
In Slice Number 1 of the 40 mN indentation, the subsurface crack observed near
the tip of the crack is propagating straight down into the material. The FIB mill box was
positioned to be at the tip of the radial crack. In some instances, there are difficulties
with positioning the FIB mill box in the desired location. There appears to be a crack
below the surface where there is no surface crack.
The radial crack in Slice Number 2 still has a subsurface crack propagating
straight down, perpendicular to the surface. The subsurface crack in Slice Number 3 is
straight underneath the surface at the corner, but begins to have a curved shaped at the
bottom most part of the crack. Discussion of this change in direction of the crack below
the surface will be provided in a later sub-section of this chapter. After looking closer at
the corner of the indentation where the radial crack begins down into the material, there
is no indication that the radial crack here initiated from edge cracks.
The crack is no longer opening at the indentation surface in Slice Number 4. The
bottom most part of the crack is curved with a thinner opening compared to the top most
part of the crack near what could be the elastic-plastic boundary or plastic zone.
In Slice Number 5, the subsurface crack continues to have the same shape:
straight down into the material with a curved tip at the bottom. In Slice Number 6, there
is now what appears to be a connection of three cracks underneath the indentation
impression at this cross section (beyond the center, before the edge). The cracks here
are similar in shape to what was observed underneath the surface of the 45° 20 mN
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Figure 4.3: The 45° 40 mN indentation that was milled. Red lines define the positions of the slice numbers
in Table 4.2.
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Table 4.2: Cross sections from the 45° 40 mN indentation in Figure 4.3.

Slice
Number

Images Under the Indentation Impression

1

No crack on the surface
where a subsurface crack
is present

2
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Table 4.2 Continued
Slice
Number

Images Under the Indentation Impression

No indication here that
the radial crack initiates
from edge cracks

3

Tip of crack begins to curve

4
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Table 4.2 Continued
Slice
Number

Images Under the Indentation Impression

5

2

6
1
3
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Table 4.2 Continued
Slice
Number

Images Under the Indentation Impression

2

7
1
3
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indentation with three corner cracks at the cross section along the edge of the
indentation. However, here the second crack (labeled as 2) may be the initial radial
crack from the first corner. This is because crack 2 labeled in the image is straight. The
cracks labeled 1 and 3 in the image curve upwards towards the final corners of the
impression. The curved portion at the end of crack 3 could be from the initial crack
observed based on the curved tip of the crack in the previous images.
There are still three cracks present in Slice Number 7. It is assumed that the
cracks labeled in Slice Number 7 as 1, 2, and 3 are the same cracks from the previous
cross section. Just by looking at this cross section, the following conclusions are drawn:
•

Crack 1 is connected to the top left corner radial crack

•

Crack 2 is connected to the crack that is coming off of the edge, not the corner

•

Crack 2 is the continuation of the initial subsurface crack from the first corner

•

Crack 3 is connected to the top right corner radial crack

It is unclear how crack 3 deviated from the path of crack 1.
Results of the formation and evolution of subsurface cracks of the 100 mN
indentation in Figure 4.4 is in Table 4.3. The 100 mN indentation only had three radial
cracks. It is clear after looking at the subsurface cracking profiles there is a significant
influence of the indentation load on the evolution of cracks below the indentation
impression.
In Slice Number 1 of the 100 mN indentation (Table 4.3), the subsurface crack
near the tip of the crack begins to propagate downward, but again there is a slight
change in direction into the material. The subsurface crack along the first radial crack
(as seen in Slice Number 2) has a portion that is perpendicular to the surface and a
portion at the bottom that changes direction into the material. This may be the same
kind of kink in the subsurface radial cracks observed at lower loads.
At the corner of the indentation in Slice Number 3, the subsurface crack begins to
have various kinks throughout the depth of the crack. The opening of the crack is larger
near the surface of the indentation. There are three different curtaining lines resulting
from the different kinks in the subsurface radial crack.
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Figure 4.4: The 100 mN 45° indentation that was milled. Red lines define the locations of the slices in
Table 4.3.
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Table 4.3: Subsurface cross sections of the 45° 100 mN indentation in Figure 4.4.

Slice
Number

Images Under the Indentation Impression

1

2
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Table 4.3 Continued
Slice
Number

Images Under the Indentation Impression

3

4
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Table 4.3 Continued
Slice
Number

Images Under the Indentation Impression

5

6

1
2
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Beyond the corner of the indentation in Slice Number 4, the subsurface crack
continues to have a similar shape. The crack is now underneath the indentation
impression and opens at what could be the elastic-plastic boundary or plastic zone. In
Slice Number 5, the subsurface crack is still well below the indentation impression and
begins to straighten up, losing the kinks along the crack. However, it is slightly leaning
towards the left side of the indentation.
In Slice Number 6, there are now two cracks observed below the indentation
impression at this cross section. Based on the smaller load cross sections, it is
assumed that the two cracks connected at a point closer to the center. The crack
denoted as 1 in the image of Slice Number 6 is most likely the original crack that was
observed based on the appearance of the crack. It still has the same appearance as the
crack observed in the previous cross section. Crack 2 in Slice Number 6 may be a
second crack that had formed off of the original subsurface radial crack.
Next indentation milled was made at a load of 300 mN (presented in Figure 4.5)
using the 45° indenter and subsurface cross sections are presented in Table 4.4. There
are more images and cross sections presented because it is a larger indentation with
more cracks. Four large surface cracks were observed with a couple smaller cracks
nucleating off of the corners of the impression. The cracks below the surface are more
complex at this higher load.
Near the tip of the first radial crack in Slice Number 1, the subsurface crack is not
as straight down into the material as the lower loads. The crack is now observed to
propagate in a different direction than straight down into the material in Slice Number 2.
The crack has various points in which the direction changes. In comparison to the
subsurface radial cracks at lower loads, this change in direction is more significant. It is
observed that there is a maximum peak load (threshold load) in which this subsurface
radial crack begins to propagate parallel to the surface and into the material away from
the surface radial crack. In Slice Number 3, the upper portion of the subsurface crack is
still relatively straight down into the material near the surface of the material. However,
there is another crack that is observed to have branched off the original crack. Crack
labeled as 1 is the first original subsurface crack and crack 2 is the second part of the
subsurface radial crack that formed. When comparing Slice Number 4 with the previous
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Figure 4.5: The 300 mN 45° indentation that was milled. The red lines define the locations of the slices in
Table 4.4.
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Table 4.4: Cross sections of the 45° 300 mN indentation that is presented in Figure 4.5.

Slice
Number

Images Under the Indentation Impression

1

2
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Table 4.4 Continued
Slice
Number

Images Under the Indentation Impression

2
1
3

Curtaining

1
4

2
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Table 4.4 Continued
Slice
Number

Images Under the Indentation Impression

Small cracks
near corner

1

2

5
Radial crack not
opening off of tip
of corner

Small cracks
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Table 4.4 Continued
Slice
Number

Images Under the Indentation Impression

Small cracks
near corner

1

2
6

Small cracks
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Table 4.4 Continued
Slice
Number

Images Under the Indentation Impression

1
7

2

5
2

8

3
1
4
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Table 4.4 Continued
Slice
Number

Images Under the Indentation Impression

Plastic zone

2

9

3
1
4

2
10
3
1
4
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Table 4.4 Continued
Slice
Number

Images Under the Indentation Impression

2

11
3

2

Semi-elliptical
subsurface crack

1

3

12
1
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two cross sections, the radial crack on the surface is becoming wider (in other words,
the radial crack is opening; a tensile stress is pulling the radial crack open as material is
removed by the focused ion beam milling process).
In Slice Number 5 near the corner of the indentation, the subsurface crack of the
small corner cracks are observed (the second image is the higher magnification of the
first image in this cross section). The small crack propagates downward and curves
towards the larger crack system that is observed. At this view, it is clearer to observe
that the original crack labeled 1 begins to look similar to a lateral crack underneath the
surface (become parallel to the surface). Crack 2 may also be a form of another lateral
crack on the other side of the indentation. This demonstrates that lateral cracks are in
connection with the radial cracks observed on the surface. This observation is
consistent with Whittle and Hand's observations. By looking closer at the higher
magnification image in Slice Number 5, it is observed that these small cracks appear to
be extensions of the edge cracks. Also, the surface radial at this corner is not
emanating from the tip of the impression corner.
In Slice Number 6, the cracks have again the same shape underneath the
surface. However, at this position the cracks 1 and 2 start to separate from each other.
The small corner crack is still observed underneath the surface and can be viewed at
higher magnification (second image in this row of the table). It does propagate towards
the larger crack system of cracks 1 and 2.
The separation between cracks 1 and 2 in Slice Number 7 have increased. At
this location of the indentation, the cracks are still at the surface of the material and
have cracked inside the indentation impression (this was not observed at the lower
loads; the cracks were separated by material underneath the indentation impression). At
the higher load as shown here, the cracks could have formed along the sharp, "knife"
edge of the indentation inside the impression instead of the corner.
There are five subsurface cracks observed in Slice Number 8. The cracks are
also below the indentation impression and begin at what could be the elastic-plastic
boundary or plastic zone. Crack 5 is interesting here because it is a crack that is
observed to start directly below the indentation impression along the sharp, "knife" edge
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and goes straight down. Crack 4 curves in the material similarly to cracks 1 and 2.
Crack 4 may be a second type of lateral crack.
There are only four cracks observed in Slice Number 9. The elastic-plastic
boundary or plastic zone is more observable. At higher loads such as this, the plastic
zone has a lot more difference in contrast than the rest of the material. All cracks are
beginning along this plastic zone.
Cracks 1, 2, 3, and 4 are present in the Slice Number 10 beyond the center.
Cracks 1 and 2 are approaching the surface at this position. These cracks may be
connecting with the two final radial cracks at the corners. Cracks 3 and 4 are still below
the surface and the plastic zone. Crack 3 is closer to the surface and not as farther
down into the material as the previous cross section. Crack 4 is still present and is
closer to the middle of the final edge of the indentation (in the previous cross section, it
was closer to the right side of the indentation).
Cracks 1, 2, and 3 are still present in Slice Number 11, however, they are
thinner. The semi-elliptical subsurface crack below the edge of the impression looks like
a lateral crack between the last two radial cracks. Up to this point, there could be lateral
cracks on three edges of the indentation. In Slice Number 12, cracks 1, 2 and 3 are
present with different shapes and sized openings than before. The original crack (1)
observed has connected with the top right corner radial crack. Crack 2 is connected with
the radial crack off of the top left corner. Crack 3 is connected with the surface crack
that is emanating from the edge of the indentation.
The highest load reached in these experiments with the 45° indenter was 500
mN. A 45° 500 mN indentation was milled and compared to lower load indentations.
The 500 mN 45° indentation that was milled is shown in Figure 4.6. Again, it is seen
with an increase in the load the number of surface and subsurface cracks increase.
Table 4.5 presents the cross sections of the largest indentation.
In Slice Number 1 of Table 4.5, the subsurface radial crack here does propagate
downwards then curves to the left. Slice Number 2 was made to a milling depth of 15
μm. It was not expected that a deeper milling depth would be necessary. In the next
slices, a depth of 20 μm was used. Like the 300 mN indentations, this radial crack does
have two cracks connecting together underneath the surface. The subsurface crack
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Figure 4.6: The 45° 500 mN indentation that was milled. The red lines define the locations of the slices in
Table 4.5.
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Table 4.5: Final 45° indentation milled. This indentation was made at 500 mN.

Slice
Number

Images Under the Indentation Impression

1
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Table 4.5 Continued
Slice
Number

Images Under the Indentation Impression

1

2

2

Curtaining
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Table 4.5 Continued
Slice
Number

Images Under the Indentation Impression

2
3

1

3

4
2

1
4

3

93

Table 4.5 Continued
Slice
Number

Images Under the Indentation Impression

4
2
1

5

3

4
2

1
6

3
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Table 4.5 Continued
Slice
Number

Images Under the Indentation Impression

2

1

7
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Table 4.5 Continued
Slice
Number

Images Under the Indentation Impression

1

2

Right side of indentation

Edge crack
on boundary

8
2

Left side of indentation

Edge
crack
connecting with
lateral crack

1
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Table 4.5 Continued
Slice
Number

Images Under the Indentation Impression

1
2

Left side of indentation

9
1

Left side of indentation

1

Piece of material
about to chip off
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Table 4.5 Continued
Slice
Number

Images Under the Indentation Impression

1
2

10
Edge crack

Connecting point
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Table 4.5 Continued
Slice
Number

Images Under the Indentation Impression

11

99

initially goes straight down into the material, then breaks off into two different cracks.
Both of these cracks have a different length and depth into the material. There is a
higher magnification view of Slice Number 2 to show the connection between the two
lateral cracks. Curtaining is present below this connection because of the wide
separation at the surface.
Slice Number 3 is closer to the corner of the indentation. The end of the first
lateral crack is now in view. The two cracks are still connected and have different
shapes/depths. Another crack is observed in this view (labeled as 3). In Slice Number 4,
the original lateral cracks (1 and 2) are present and are parallel to the surface. A fourth
crack is observed here. Cracks 3 and 4 together look similar to what could be shear
cracks.
Same cracks 1, 2, 3, and 4 are present slightly beyond the corner in Slice
Number 5. There is a crack bridging together the cracks on the left and right side of the
indentation. Closer to the center of the indentation at Slice Number 6, there are more
cracks underneath the impression. The laterals (cracks 1 and 2) are closer to the
surface and are parallel to the surface.
In Slice Number 7 at the center of the impression, there are more than 6 cracks
present. Only the original lateral cracks are labeled. In Slice Number 8, lateral cracks 1
and 2 are closer to the surface. Again there are a lot of other cracks below the
impression. In the second image at a higher magnification of the right side of the
indentation, lateral crack labeled 2 is emanating at what could be the elastic-plastic
boundary/plastic zone. An edge crack appears to be opening downward along this
boundary. In the third image at a higher magnification on the right side of the
indentation, lateral crack labeled 1 appears to be connected with the edge crack. This is
an indication that edge cracks may play a role in chipping and material removal during
indentation.
In Slice Number 9, the view is still below the indentation impression before the
final edge. Many of the cracks seen previously are no longer visible and this may be
due to the position of the FIB cross section with respect to the crack opening below the
surface. Crack 1 is connecting with the surface radial crack on the other side of the
impression (radial crack that is not at the corner). Crack 2 is still below and parallel with
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the surface. Higher magnification of Slice Number 9 on the left of the impression shows
the connection of lateral crack 1 with the surface radial crack not propagating from the
corner of the impression. Again, these observations demonstrate that the lateral and
radial cracks are dependent on one another. At a much higher magnification
demonstrated in the third image, the first lateral crack 1 is propagating away from the
indentation impression. A piece of material in this view is observed to becoming
separated from the indentation impression. The edge cracks near this corner and lateral
crack intersect and push material away from the indentation impression.
At the edge of the indentation in Slice Number 10, below the surface the lateral
crack 1 and 2 are still present. Lateral crack 1 is still terminating at the surface where
the surface crack is present on the left side. Lateral crack 2 is well below the surface as
seen previously. The connection of cracks is better observed at a higher magnification
(second image) in Slice Number 10. It appears to be the meeting point of the radial
cracks coming from the opposing corners. Based on the previous observations at this
load (and at 300 mN; two cracks also meet up at this view), this connecting point may
be the two laterals hooking up with each other along the final edge of the impression.
The edge cracks along the final edge are observed in this view. From this image, edge
cracks appear to be very shallow and near the surface. Slice Number 11 is the last
image of the indentation because beyond this view, it is difficult to capture the
subsurface cracks.
Lateral Cracks
At 20 mN, the subsurface radial cracks were primarily straight into the material
along the surface radial and under the indentation impression (Table 4.1). By increasing
the load to 40 mN, a change in direction at the bottom most part of the subsurface radial
crack is observed (Table 4.2, Slice Number 3). This change in direction of the
subsurface radial crack becomes more significant as the load increases. At 300 mN, it
was demonstrated that this change in direction of the subsurface radial crack in the
material becomes parallel to the surface and propagates out into the material away from
the indentation impression (Table 4.4, Slice Number 2). This point at which the crack
changes direction beneath the radial crack is assumed to be the lateral cracks. In the
500 mN indentation, it was observed that the lateral crack terminated at a radial crack at
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the other end of the indentation impression (Table 4.5, Slice Number 9). It is shown that
the lateral crack initiates off of the subsurface radial crack and there is a threshold load
at which it forms.
Edge Crack to Chipping
As it was previously observed in the surface observations, there is an indenter
angle effect on the appearance of edge cracks on the surface. It is shown in the
subsurface observations of the 45° indentations that there is a load effect on how the
edge cracks interact with the other crack systems. In the 45° indentations here, it was
not until the 300 mN load in which small cracks were observed to nucleate from the
edge cracks (Table 4.4, Slice Numbers 5 and 6). Referring back to the surface
observations of cube corner indentation at maximum load 40 mN, it was presented that
there are signs that the edge cracks connect to the radial cracks and play a role in
chipping. In Table 4.5 Slice Numbers 8 and 9, edge cracks are observed to be
connecting with lateral cracks and pieces of material along the edge that are popping up
from the surface. This indicates that edge cracks in some indentations may be scooping
material away from the indentation impression and pushing material out.
Crack Profiles
Resulting crack profiles and indentation impressions were obtained from various
cross sectional images. The depths of the subsurface radial cracks and plastic zones
were measured. These measured depths were plotted in a way that allows one to
analyze the shape and size of the crack profile. Due to the complexity of the larger
indentations, only the crack profiles of the 20, 40, and 100 mN indentations are
presented here.
Figure 4.7 presents all crack profiles for the 20, 40 and 100 mN indentations that
were milled. One observation that is made is that the subsurface radial crack does not
begin to progressively increase in depth along the surface radial crack. In other words, it
begins deep in the material as opposed to very close to the surface. A second
observation that is made is that the shape does not look like a semi-circle or half of a
half-penny crack. However, the relationship of the crack length to the maximum peak
మ

load was found to be ܿ ܲ  ןయ which LEM states is for indentations with half-penny crack
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45° 20 mN with Two Cracks

45° 20 mN with Three Cracks

45° 40 mN

45° 100 mN

Figure 4.7: Crack profiles for the 45° 20, 40, and 100 mN indentations that were milled.
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systems. The conclusion that the radial cracks are results of half-penny cracks cannot
be made for these indentations simply by finding the relationship of the crack length to
the maximum peak load. The shapes of the crack profiles are more like half-semiellipses. Cuadrado et al. observed semi-elliptical cracks in the soda-lime-silicate glasses
underneath cube corner indentations [17].

Edge Cracks
In the "Surface Cracking Observations" chapter, the edge cracks were
introduced. Finite element simulation was used as a tool to define which stresses would
be playing a role in the formation of the edge cracks during indentation and at what
point in the indentation cycle would they form. Subsurface observations provided insight
into how deep these edge cracks actually propagated into the material. Table 4.5 Slice
Number 10 provided experimental evidence that the edge cracks are shallow for the 45°
indentations. Figure 4.8 is the cross sectional view of a Berkovich 500 mN indentation.
In this view of the edge crack, the crack opens up straight down and curves below the
indentation impression. Edge cracks are shown to be shallow cracks through finite
element and experimental evidence.

Edge cracks do not go very deep into
the material and curve underneath the
indentation impression

Figure 4.8: Cross section of a Berkovich 500 mN showing the shallow depths of edge cracks.
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Plastic Zone
One common characteristic of subsurface cracking for all indentation loads was
that the cracks began below the indentation impressions and not at the surface. As
other researchers have noted, cracks form at the bottom of the plastic zone because of
the tensile stresses at that point [18]. In some of the better images, there appears to be
a region below the indentation impression that is different in contrast from the rest of the
bulk material inside the scanning electron microscope. This difference in contrast may
be the result of material having a different density or atomic structure. As was discussed
in the "Introduction and Background" chapter, fused quartz densifies during indentation.
It can be assumed that based on knowing (1) fused quartz densifies and (2) cracks
open at the plastic zone that the plastic zone in the scanning electron images can be
characterized.
The cross section in the center of the indentations best demonstrates the shape
and size of the plastic zone. Figure 4.9 is a collage of the cross sections at the center of
the various 45° indentations with red circles added to outline the plastic zone. In the 20
mN image, the blue and green dashed lines designate the contact radius and plastic
zone depths respectively. In all of these indentations, no cracks were observed to have
been present inside the plastic zone. In the 300 mN indentation, a crack is observed to
have opened up within the area of the plastic zone, but it does terminate before hitting
the surface (this is pointed out in the image).
The depths of the plastic zones (hPZ) and length of the contact radius (r) of the
impressions at the center were measured from these images. Figure 4.10 is a double
log plot of the results of the measurements with respect to indentation load. There is a
nice linear relationship that is followed for the measured depths with an increase in
indentation load. The slope of the lines (as shown in the figure) are approximately
0.478. Because the slopes are very similar, this plot provides evidence that the depth of
the plastic zone can be estimated by measuring the contact radius of the three sided
pyramidal indentation.
Up to this point, all of the plastic zone analysis has been for the 45° indentations.
To compare the effects of indenter angle on the plastic zone, a 55° and 65.3° 500 mN
indentation was milled to see if there are any plastic zone features or cracks. All of the
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45° 20 mN

45° 40 mN

r
hPZ

45° 300 mN

45° 100 mN

Crack inside plastic zone,
but terminates inside region

45° 500 mN

Figure 4.9: Collage of 45° milled indentations with red lines outlining the shape and size of plastic zone. In
the 20 mN indentation image, the blue dotted line designates the contact radius (r) and the green dotted
line designates the depth of the plastic zone (hPZ) .
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r = 173.7P0.478
hPZ = 175.3P0.478

Figure 4.10: Double log plot of the measured contact radii (r) and plastic zone depths (hPZ) with respect to
indentation load. The resulting equations are provided in the plot.
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500 mN indentations for the three indenters are presented in Figure 4.11. The 55° and
65.3° indentations did not have any radial cracks. It is also observed and supports
another observation that if there are no surface cracks, there are no subsurface cracks
below the indentation impression.
Measurements were also made of the contact radii and plastic zone depths.
Figure 4.12 presents the contact radii and plastic zone depths with respect to indenter
angle. As indenter angle increases, the size of the plastic zone decreases. The largest
plastic zone was present under the 45° 500 mN indentation. It was under these
conditions that cracks were formed. Therefore, a higher load and larger plastic zone
size would need to be reached in the 55° and 65.3° indentations in order for cracks to
initiate.
Finite elements was again used as a tool here to see if the strain contours
properly demonstrate the size and shape of the plastic zones that are found
experimentally. The equivalent plastic strain or Mises strain contours were used to
approximate the edge of the plastic zone. Using finite elements and the strain contours,
Durst et al. concluded that the shape of the plastic zone is dependent on the indentation
tip radius and material properties [49]. In this study, the equivalent plastic strains were
plotted in the unloaded state for the 45°, 55°, 65.3° and 75° equivalent cone angles
(strain contours are provided in the Appendix). The 1% strain contour line was taken as
the plastic zone boundary in this study because it was the smoothest line that could be
plotted. Any strain contour value less than 1% resulted in a choppy and stepped contour
line. The measured experimental data (those plotted in Figure 4.12) were measured in
nanometers. The plastic zone depths from finite elements was measured straight from
the strain contours. The depths are normalized with respect to contact radius, a
(measurement is z/a). To compare the finite element results to the experimental results,
the depth of the plastic zones from experimental and finite elements were normalized
with respect to the depth of the impressions (  ൌ
ୈୣ୮୲୦୭୮୪ୟୱ୲୧ୡ୭୬ୣ
ୈୣ୮୲୦୭୧୫୮୰ୣୱୱ୧୭୬

ሻ. Figure 4.13 is the plot comparing the finite element and experimental

results. In Figure 4.13, the normalized depths of the plastic zones are close in value
which means that the finite element strain contours provide a plastic zone depth that is
comparable to the experimental results.
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45° 500 mN

55° 500 mN

65.3° 500 mN

Figure 4.11: Cross sections through the center of 500 mN indentations made with the 45°, 55°, and 65.3°
indenters.
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Figure 4.12: Contact radii and plastic zone depths for the different indentations made at 500 mN.

Figure 4.13: Normalized depth of plastic zones from the experimental observations and finite elements.
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Figure 4.14 is the depth of the plastic zone (in terms of z/a) obtained from only
the finite element results. This plot is compared to Figure 4.12. The trend here is the
same as the experimental trend: as the indenter angle increases, the plastic zone size
decreases.

Figure 4.14: Depth of plastic zone obtained from finite elements with respect to conical indenter angle.
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Chapter 5
Discussion
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Crack Formation and Evolution
An important key observation made from the surface and subsurface cracking
analysis of fused quartz during nanoindentation is that there is a distinct cracking
threshold load for various cracks. Radial crack threshold load for fused quartz increased
with indenter angle. Table 5.1 summarizes the radial cracking threshold loads for the
different indenter angles used in this study and compares them to other studies:

Table 5.1: Observed cracking threshold loads of this work compared to others.

Indenter Angle

This Work

35.3°
45°
55°
65.3°
75°

1 mN
10 mN
500 mN
Above 500 mN
Above 500 mN

Harding (fused
quartz) [20]
0.5 - 1.5 mN
No Data
No Data
500 mN
No Data

Morris and Cook
(fused silica) [21]
<50 mN
<50 mN (42°)
<50 mN (52°)
Above 500 mN
No Data

To the best of the author's knowledge, there is not another study that has been
performed looking at the cracking threshold load of fused quartz using the same
indenters and load ranges. However, by looking at data found from Harding and Morris
and Cook, it is clear that there are differences in the observations made by the different
researchers. For the case of the cube corner indenter, this work and Harding's
observations match well. The 45° cracking threshold load in this work was 10 mN and
Morris and Cook reported the threshold load to be less than 50 mN, so this holds to be
a similar observation. The cracking threshold loads begin to deviate for the 55° and
65.3° indentations. Morris and Cook observed cracking in the 55° indentations at loads
below 50 mN. In this study, radial cracks did not form until a maximum peak load of 500
mN. Berkovich cracking threshold load in this work agreed well with what Morris and
Cook observed, but Harding did not find the same result. What this comparison
demonstrates is that there may be other factors influencing the cracking threshold load
besides the indenter angle:
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1. The condition of the tips used by the different researchers could be different. In
other words, a 55° tip used by researcher one may have a sharper tip radius than
the 55° tip used by researcher two.
2. Environmental conditions in which the indentations were made could influence
how and when the cracks form. Humidity and temperature are both
environmental conditions that were not controlled in this study and could be
different than those performed by Harding and Morris and Cook.
3. Fused quartz and fused silica are both glasses made up of SiO2 and trace
elements. However, different manufacturers of glasses may perform different
processing and polishing methods that could influence the homogeneity of the
sample.
The model of Jang and Pharr found that the threshold load at which cracking
occurs is related to indenter angle as:
଼

ܲ௧   ןሺ Ȳሻ ଷ
This means that the Berkovich cracking threshold loads should be 20, 8, and 3 times
higher than the cracking threshold loads for cube corner, 45°, and 55° indentations
respectively [22]. However, that is not observed in the present study. If the equation was
held true, then the Berkovich indentations should have had cracking at about 20 mN. To
better test this relationship and see if the data here follows this relationship, the
observed threshold load is plotted with respect to the tangent of the equivalent cone
angle. The slope of the line in the double log-log plot would be equal to the exponent on
the right side of the equation. Figure 5.1 is a double log-log plot of the observed
cracking threshold load (Pth) and the tangent of the equivalent cone angle (tanȥ). The
resulting slope is equal to 8.87. This is not even close to the exponent in Jang and
Pharr's relationship of 8/3. This demonstrates that fused quartz does not crack as
expected from the current models that are proposed. Material conditions, testing
environment, and densification may all be playing a role in how the cracking occurs.
In addition, Jang and Pharr found a relationship that could be used to determine
the cracking threshold load of brittle materials. When crack length (c) to indentation size
(a) ratio is plotted with respect to maximum peak load, the cracking threshold load can
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8.87
1

Figure 5.1: Relationship of the observed threshold load with indenter angle.
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be extrapolated. The cracking threshold load is when c/a = 1. Figure 5.2 is the ratio of
crack length to indentation size plotted with respect to indentation load.

Figure 5.2: Ratio of crack length to indentation size and the relationship with indentation load. The
equations found from the linear relationships are used to extrapolate the cracking threshold load. This
method was proposed by Jang and Pharr.

The resulting equations are provided below:
35.3°:
45°:







ൌ ͳǤʹܲǤଵଽ

ൌ ͳǤͲ͵ܲǤଵହହ

From these equations, the cracking threshold loads are estimated to be 0.246 mN and
0.804 mN for the 35.3° and 45° indentations, respectively. These estimated cracking
threshold loads using the relationship developed by Jang and Pharr are too low
compared to the observations made of the indentations (Table 5.1). A difference in the
observations with the calculated values could be that small cracks are forming at low
loads but they may be too small to observe in scanning electron microscopy. Also, this
estimation using the equation could just not be an accurate way to estimate the cracking
threshold load for fused quartz due to the complexity of the atomic structure
(densification) and material properties.
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Other cracks that were observed to form at a certain load were edge cracks and
lateral cracks. Edge cracks also were influenced by indenter angle. As seen by Yoshida
et al., there is an indenter angle effect on the formation of the edge cracks [25]. As
shown by finite elements and experiments, the edge cracks:
1. Form during loading,
2. Are very shallow and close to the surface,
3. Form at lower loads as the indenter angle increases but does not appear in 75°
indentations, and
4. Become wider at the contact of the indenter and material as the indenter angle
increases (except for 75° indentations).
Lateral cracks underneath the milled 45° indentations were observed to be (1)
nucleating off of the subsurface radial cracks and (2) a maximum peak load was needed
to be reached in order for the lateral crack to propagate into the material. In this work,
the lateral cracks were observed to evolve into full lateral cracks at 300 mN. Whittle and
Hand also observed that the lateral crack paths were connected to the radial cracks
[33]. Also, this observation supports that lateral cracks do not form from pre-existing
flaws underneath the indentation impression if they are connected to the radial cracks
and increase into the material as the indentation load increases.
At 40 mN for the cube corner indenter, chipping was present in some of the
indentation impressions. In the surface observations, the edge cracks appear to have a
significant influence on the chipping of the indentations by connecting the radial cracks
on the surface. Underneath the 300 and 500 mN 45° indentations, edge cracks were
found to connect with lateral cracks. The connections of the radials and laterals by the
edge cracks demonstrate that material is being pushed away from the indentation
impressions which would lead to material removal and what remains is a scallop shell
like chip.
Three indentations that were not cracked on the surface were milled to see if
there were any subsurface cracks present that had not yet reached the surface. All
three of the indentations (45° 10 mN, 55° 500 mN, and 65.3° 500 mN) demonstrated
that there are no subsurface cracks present if there are no surface radial cracks. The
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55° and 65.3° indentations without cracks, however, did shine light on the size and
shape of the plastic zone. After comparing the depths of these zones to the one in the
45° 500 mN indentation with cracks, it was found that the plastic zone with the cracks
was largest. Therefore, a large plastic zone size is needed to be reached in order for
cracks to nucleate. This demonstrates that cracks are produced during indentation by
plastic deformation. It was shown that as the indenter angle decreases, the plastic zone
size increases and cracks nucleate from the plasticity driven by the plastic deformation
of the indentation.
Going back to the original cracking theories, Lawn and Evans described that
crack initiation begins when a flaw reaches a critical size [8]. Hagan, on the other hand,
described cracks to form by dislocation slip lines intersecting below the indentation
impression [9]. As shown in the crack length and indentation load relationship (Figure
3.18), there is not a lot of scatter in the crack length data. If flaws played a role in the
cracking behavior of the indentations in fused quartz, then there would be a lot of
scatter in the crack length measurements and it would be difficult to pin point the radial
cracking threshold load. Therefore, the crack nucleation theory developed by Hagan
may be the best way to describe how cracks nucleate in fused quartz.

Fracture Toughness Constants
The fracture toughness was not calculated in this work, but the constants for the
discussed fracture toughness equations were determined from the data and compared
to other works. Table 5.2 compares the constants found in this work and those found by
the Jang and Pharr approach and work by Cuadrado et al. Refer to Table 1.2 for the
theoretical calculation of Į in the LEM fracture toughness equation modified by Jang
and Pharr and for Cuadrado et al.'s value of Ȥ. It is noted here that the Į constant found
in Jang and Pharr was determined using Poisson's ratio of 0.18 and equivalent cone
angles for the cube corner and the 45° indenters.
The cube corner and 45° fracture toughness constants Į found in this work and
the Jang and Pharr equation are all close in value. The Į calculated by Jang and Pharr
for the cube corner indenter is only 0.956 times lower than the Į determined in this
work. The Jang and Pharr calculated Į result for the 45° is a value that is 1.12 times

118

Table 5.2: Fracture toughness constants found in this work and compared to Cuadrado et al. and the
calculated constant, Į, using the Jang and Pharr modified version of the LEM method. The Jang and
Pharr modified version of the LEM method includes the indenter angle and Poisson's ratio effect on
fracture toughness.

Angle
35.3°
45°

Jang and Pharr Modified Version of LEM
Įexp
Įth
Įth/Įexp
(slope in
(values from
Figure 3.22)

Table 1.2)

0.0478
0.0324

0.0457
0.0363

0.956
1.12
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Laugier
Ȥexp

(slope in
Figure 3.23)

ȤCuadrado

ȤCuadrado/Ȥexp

0.0255
0.0398

0.057
-

2.23
-

greater than that found in this work. However, the cube corner experimental and Laugier
data are quite different from each other. Cuadrado et al. did not perform the same
experiments with a 45° indenter. This work resulted in a Ȥ value for the cube corner that
is almost half of that found by Cuadrado et al. One reason for this difference may be
from measurement of the crack lengths from the corner of the impressions to the tip of
the radial cracks (l). Not all of the radial cracks from the impressions started off of the
corners. Crack lengths measured by Cuadrado et al. could have had straighter lengths
that began from the corner of the impressions.
One feature of the material that is not accounted for in the equations is
densification. As discussed in Chapter 1, Bruns et al. used finite elements to point out
that the LEM equation does not account for densification [7]. The cross sections in this
study of the indentations show signs that the size of the plastic zone and region below
the indentation impression correlates with where cracks are located. Differences in the
constants may be the result of densification.

Comparisons to Other Works
Luo et al. used molecular dynamics to study crack initiation in brittle materials.
One of their conclusions that was not found experimentally in this work was that cracks
initiate at the tip of the sharp indenters underneath the impressions [16]. In this study,
cracks formed below the indentation impressions at a common radius away that was
measured to be the same length as the contact radius of the impression. Other
experimental observations performed by others supports this observation (see Chapter
1).
Hyun et al. used cohesive zone finite elements to find the path of the crack below
a three sided pyramidal indentation. The crack path that was found by Hyun et al. is not
the same as the one found in this work. Hyun et al. observed by finite element
simulation that there are no cracks below the face of the indentation impression and
only a crack is observed below the sharp "knife" edge of the indentation impression
[36]. However, looking back at the cross sections below the impressions in Tables 4.1 to
4.5, we see that at the cross section beyond the center of the impressions, there are
cracks below the face of the indentation impressions. This demonstrates that it is
imperative to know where the plane of cracking is when one performs a cohesive zone
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finite element simulation of cracking and caution needs to be made when using this
technique.
Yoshida et al. performed three sided pyramidal indentations on soda-lime-silicate
glass and found that the indenter angle influences the point in which edge cracks form
[25]. Surface observations in this study provided evidence that the indenter angle does
influence how wide the edge cracks appear. A conclusion drawn from the work of
Yoshida et al. was that the edge cracks in the Berkovich indentations (sharpest indenter
used in the experiments) formed during loading whereas the blunter indentations made
with larger indenter angles resulted in edge cracks forming on unloading [25]. The finite
element studies in this work showed that the highest radial tensile stresses at the
contact of the indenter and material was at maximum load and the 55° equivalent cone
angles led to the highest value of this radial tensile stress.
One of the observations made by Cuadrado et al. and the cube corner
indentations on soda-lime-silicate glass was that the deformation zone (or plastic zone)
decreased in size as the load increased. Though this work was performed on a different
glass material, fused quartz, a comparison of this observation will be discussed. Figure
4.10 is a plot that presents the plastic zone depth with respect to load. The observation
from the figure is that the plastic zone size increases with indentation load. There may
be a material property factor between soda-lime-silica and fused quartz which may
cause this difference.

Proposed Future Work
There are new questions to address that have been brought to mind after
revealing the observations of this work:
1. What is the region below the indentation impression where the cracks are
emanating from? Is this due to densification?
2. Do tip conditions influence the cracking behavior of fused quartz?
3. Do environmental conditions influence the cracking behavior of fused quartz?
4. How do cracks underneath soda-lime-silicate glass indentations form and
evolve?
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It would be interesting to examine the atomic structure of the region below the
indentation impression to see whether or not the material has densified or changed in
another way. It may be tedious because glass is amorphous, but transmission electron
microscopy may be a tool to use to characterize this region. One interesting future
experiment to perform would be to see whether or not the tip condition (tip radius, tip
material) plays a role in the cracking threshold load. Performing these same
experiments by using a set of the same indenter geometry would provide insight as to
whether or not the actual tip changes the cracking threshold load. This has already
been seen to hold true when the cracking threshold loads for fused quartz were
compared with others. By performing these experiments in a vacuum chamber or
control environment would be beneficial to see if there are any influences of humidity
and temperature on the cracking threshold load of the indentations. Lastly, by
performing all of the experiments in this work with soda-lime-silicate glass, there will be
a direct comparison on how the cracks look below an anomalous glass and a normal
glass. By comparing this work data with another set of data with a non-densifying glass,
one can conclude as to how the densification influences the formation and evolution of
cracks.
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Chapter 6
Conclusions
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The focus of this study was to better understand how fused quartz cracks on the
small-scale due to contact and impact using nanoindentation and three sided pyramidal
indenters with varying centerline-to-face angles (35.3°, 45°, 55°, 65.3°, and 75°) at
maximum peak loads of 1, 3, 5, 10, 40, 100, and 500 mN. From the surface and
subsurface cracking analysis, conclusions can be drawn about the formation and
evolution of cracks in fused quartz:
1. There is a distinct cracking threshold load below which cracking does not occur
and depends strongly on indenter angle.
2. No cracks are present below the indentation impressions if there are no surface
cracks.
3. Cracks below the indentations start at what appears to be the elastic-plastic
boundary/plastic zone.
4. Lateral cracks initiate off of the radial cracks probably during unloading.
5. Edge cracks play a role in material removal of indentations and the resulting chip
looks different than material removed by a lateral crack.
6. Crack nucleation does not occur from pre-existing flaws; the plasticity generates
the cracks below the indentation impressions at the elastic-plastic boundary or
plastic zone.
7. The diameter of the plastic zone can be estimated by measuring across the
indentation center from edge to edge in three sided pyramidal indentations with
different centerline-to-face angles.
8. The three sided pyramidal indentations with three cracks do not appear to be
half-penny cracks below the surface, but the relationship c = mP2/3 was followed
which is for all half-penny cracked systems.
9. The constant Į in the LEM fracture toughness equation as modified by Jang and
Pharr to account for three sided pyramids matches well with the Į found for the
cube corner and 45° experimental data. Therefore, the LEM fracture toughness
equation that includes the indenter angle and Poisson's ratio dependence is a
good way to approximate the fracture toughness of fused quartz as opposed to
the Laugier equation.
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The finite element contour plots that have been discussed in this work are presented
here with others. Not all of the contour plots were used in the analysis, but are provided
for reference by others.
Contour Plots at Maximum Load

52.143° cone normalized radial stress contour at maximum load.

52.143° Cone normalized shear stress contours at maximum load.
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52.143° cone normalized normal stress contours at maximum load.

52.143° cone normalized hoop stress contours at maximum load.
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52.143° cone Mises strain contours at maximum load.

61.436° cone normalized radial stress contours at maximum load.
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61.436° cone normalized shear stress contours at maximum load.

61.436° cone normalized normal stress contours at maximum load.
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61.436° cone normalized hoop stress contours at maximum load.

61.436° cone Mises strain contours at maximum load.
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70.298° cone normalized radial stress contours at maximum load.

70.298° cone normalized shear stress contours at maximum load.
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70.298° cone normalized normal stress contours at maximum load.

70.298° cone normalized hoop stress contours at maximum load.
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70.298° cone Mises strain contours at maximum load.

78.231° cone normalized radial stress contours at maximum load.
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78.231° cone normalized shear stress contours at maximum load.

78.231° cone normalized normal stress contours at maximum load.

140

78.231° cone normalized hoop stress contours at maximum load.

78.231° cone Mises strain contours at maximum load.
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Contour Plots at Complete Unload

52.143° cone normalized radial stress contours at complete unload.

52.143° cone normalized shear stress contours at complete unload.
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52.143° cone normalized normal stress contours at complete unload.

52.143° cone normalized hoop stress contours at complete unload.
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52.143° cone Mises strain contours at complete unload.

61.436° cone normalized radial stress contours at complete unload.
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61.436° cone normalized shear stress contours at complete unload.

61.436° cone normalized normal stress contours at complete unload.
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61.436° cone normalized hoop stress contours at complete unload.

61.436° cone Mises strain contours at complete unload.
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70.298° cone normalized radial stress contours at complete unload.

70.298° cone normalized shear stress contours at complete unload.
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70.298° cone normalized normal stress contours at complete unload.

70.298° cone normalized hoop stress contours at complete unload.
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70.298° cone Mises strain contours at complete unload.

78.231° cone normalized radial stress contours at complete unload.
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78.231° cone normalized shear stress contours at complete unload.

78.231° cone normalized normal stress contours at complete unload.
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78.231° cone normalized hoop stress contours at complete unload.

78.231° cone Mises strain contours at complete unload.
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